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The general aim was to investigate the effect of different collagen cross-
linking agents [synthetic–1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
(EDC) and natural- grape seed extract (GSE)] on the bond strength and 
durability of the resin-dentin interface using an etch-and-rinse (E&R) adhesive 
system and universal adhesive (UA) system. Additionally the effect of dry and 
wet bonding on the resin-dentin interface created by UA was evaluated 
.Accordingly this study was divided into two separate phases. 
The first phase involves EDC, UA and a three-step E&R adhesive system 
(Scotchbond Multipurpose) and the second phase involves GSE, UA and a 
two-step E&R adhesive system ( Adper single bond ). In each phase, the effect 
of the cross-linking agent (EDC or GSE) on the morphology, nanoleakage 
expression and bond strength of the resin-dentin interface created by the tested 
adhesives was evaluated by scanning electron microscopy (SEM) evaluation, 
interfacial nanoleakage expression and micro-tensile bond strength testing 
respectively. Mid coronal dentin surfaces of sound molars were exposed, acid-
etched, and treated with cross-linking pre-conditioners followed by application 
of  dentin adhesive, light-cured, and built up with restorative composite in an 
incremental manner. After the restored teeth were left for 24h in distilled 
water for polymerisation, 1x1 mm dentin beams were sectioned for micro-
tensile bond strength (µ-TBS) testing and 1 mm thick dentin slabs for SEM 
and nanoleakage evaluation. The beams and slabs were randomly divided for 
24 h and 1 year storage in distilled water at 37°C.  
 x 
 
For both phases at 24 h, pre-treatment with the cross-linking agent (EDC or 
GSE) did not significantly increase or decrease the µ-TBS and nanoleakage 
expression of any of the adhesives compared to their respective controls 
except in Phase 2 for the UA in dry bonding for the nanoleakage expression. 
Similarly in both phases there is a significant decrease in the µ-TBS and 
significant increase in the nanoleakage expression after 1 year of storage 
compared to the 24 h results. In Phase 1; after a year, the three-step E&R 
pretreated with EDC group has a better bond strength and lesser nanoleakage 
than the non-treated group. Similarly the UA in dry bonding conditions 
pretreated with EDC has higher µ-TBS values than its control. In Phase 2, 
there is no significant difference between the pretreated groups and their 
respective controls in both the µ-TBS and nanoleakage expression. SEM 
evaluation good hybrid layer formation with defined resin tags at 24h but then 
shows a broken down appearance after 1 year especially in the wet bonding 
groups of both phases. 
In conclusion, pre-treatment of acid-etched dentin with 0.3M EDC for 1 
minute, before the application of the adhesive enhanced the bond strength and 
durability of the resin-dentin interface created by the three-step E&R and UA.  
Pre-treatment of acid-etched dentin with 6.5 % GSE w/v for 1 minute, before 
the application of the adhesive did not significantly improve the bond strength 
and durability of the resin-dentin interface created by the two-step E&R 
adhesive UA. Application of UA in a wet bonding technique seemed to less 
effective than dry bonding technique. 
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CHAPTER 1: INTRODUCTION 
Loss of tooth structure can occur due to a number of reasons which include 
caries (1), traima (2), erosion, abrasion, attrition, abfraction ,demastication and 
resorption (3). An ideal direct restorative material should have the 
fundamental properties of good fracture resistance, ease of use and clinical 
longevity. Amalgam, composite resin, resin ionomers and glass ionomers are 
the routinely used direct restorative materials (4). Silver amalgam restorations 
dominated the market till the last few decades; however with increasing 
aesthetic consciousness and concerns of mercury toxicity, they are being 
gradually replaced by tooth coloured restorations. Glass ionomer and resin 
composite restorative materials are the tooth coloured materials being 
extensively utilised (5). Composite resin is predominantly the material for 
aesthetics compared to most direct restorative materials and is usually applied 
to the tooth using a bonding system (6). 
Based on their manner of interaction with the dental substrate, bonding 
systems can be classified as etch-and-rinse or self-etch adhesive system. The 
etch-and-rinse adhesive systems are always associated with a separate acid 
etching step (7). This system has lesser hydrophilic contents and a better 
curing ability (8).The self- etch system does not involve a separate etch step 
and depend on the action of their acidic resin monomer component to work on 
the smear layer and form the hybrid layer. Self-etch bonding systems were 
introduced with the aim to solve the problems faced with etch-and-rinse 
systems. Benefits of self-etch system are reduced post-operative sensitivity 
and less technique sensitivity (9). Etch-and-rinse bonding system could be 
more suited for enamel bonding whereas self-etch systems are more 
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appropriate for dentin bonding (10).The latest novelty in adhesive dentistry are 
universal adhesives which are simplified adhesives aiming to eliminate 
complicated and multiple steps and can be applied either in self-etch or etch-
and-rinse mode (11). 
Despite the evolution of bonding systems, dentin bonding is still not as 
reliable and predictable compared to enamel bonding. Dentin is a mineralised 
tissue of the tooth characterised by the presence of tubules throughout its 
thickness. The dentinal fluid within its tubules keeps its outer surface 
constantly moist and makes dentin hydrophilic (12).By volume, dentin has 
50% inorganic content which is mainly hydroxyapatite, 30 % organic content 
which is composed mainly of Type 1 collagen and the remaining 20% is fluid . 
The heterogeneous nature of dentin and its hydrophilicity makes bonding to 
dentin less predictable (13). 
When acid from the bonding system is applied to dentin, the organic matrix 
and collagen fibrils of dentin get exposed. Subsequently upon application of 
the resin component of the adhesive, it should ideally encapsulate the exposed 
collagen fibrils. This resin-dentin inter-diffusion zone is termed as the hybrid 
layer. All the exposed collagen fibrils, however does not get enclosed. This 
inadequacy of protection and the presence of water could lead to the 
degradation of the exposed collagen fibrils over time (14). The application of 
resin monomer of either etch-and-rinse or self-etch bonding system has been 
shown to activate endogenous dentin proteases like matrix- metalloproteinase 
(MMP) and cysteine cathepsins. These proteases are capable of 
gelatinolytic/collagenolytic activity. Thus collagen fibrils in the hybrid layer 
are also susceptible to enzymatic degradation due to the endogenous dentin 
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proteases (15, 16). As adhesive systems get more simplified, their hydrophilic 
content has increased. The hydrophilic resin monomers are liable to hydrolytic 
degradation. Thus, the degradation of collagen fibrils and the resin can lead to 
destruction of the hybrid layer in the long term (17). A good quality hybrid 
layer is important for longevity of composite restorations (18).  
Synthetic MMP inhibitors, ethanol wet bonding, remineralisation of hybrid 
layer, collagen cross-linking have been some of the few strategies which have 
been proposed and investigated for preservation of the resin-dentin bond (19). 
Dentin collagen cross-linking has shown potential to reinforce the structural 
integrity of resin-dentin interface against enzymatic degradation (20) and 
improve the mechanical properties of demineralized dentin collagen (21). It’s 
well established that type I collagen forms as significant component of dentin 
matrix (22), so cross-linking of collagen forms a legitimate and relevant 
strategy for stabilising the dentin-resin bonds. Many studies investigating 
numerous synthetic and natural cross-linking agents have been carried out. 
Glutaraldehyde (GD) is a valuable cross-linker; however its high cytotoxicity 
limits its usage. Natural cross-linkers like riboflavin, genipin have also been 
used to cross-link dentin collagen (23). 
The main objective of this study is to assess the effects of carbodiimide 
(EDC), a synthetic cross-linking agent and grape seed extract (GSE), a 
naturally occurring cross-linker on the dentin-adhesive interface formed by 
etch –and –rinse adhesives and a universal adhesive using scanning electron 
microscopy, nanoleakage evaluation and micro-tensile bond strength testing.  
 4 
 
CHAPTER 2: LITERATURE REVIEW 
 
2.1: DENTIN STRUCTURE 
Dentin is a collagen and calcium phosphate-based bio-composite found below 
enamel, forming the bulk of the tooth. Dentin also forms major portion of one 
or several roots and harbours the pulp tissue (24). The formation of dentin 
starts slightly before enamel and due to this it determines the shape of the 
crown of the tooth and number and size of the roots (25). Dentin 
microstructure and properties are key determinants of approximately all 
procedures in restorative dentistry. Dentin is a complex hydrated biological 
composite structure which can be modified by physiological, aging and 
disease processes to generate different variants of dentin. The identified 
variations include primary, secondary, reparative or tertiary,sclerotic, 
transparent, carious, demineralized, remineralized, and hypermineralized 
.They emulate alterations in the elementary constituents of the structure 
caused by changes in their positioning, interrelationships or chemistry (26, 
27).  
2.1.1 COMPOSITION AND STRUCTURE OF DENTIN 
Dentin is composed of an organic matrix (30%), 50 volume % of an inorganic 
reinforcing phase of mineral carbonated apatite, and 20 volume % of a fluid 
similar to plasma. (28). The dentin collagen fibrils are predominantly type I 
collagen, with minor quantities of type V and type III collagen. Additionally 
the dentin extracellular matrix consists of numerous non-collagenous proteins 
(including proteoglycans), enzymes, and phospholipids. Dentin proteoglycans 
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are assumed to play a role in the structural, metabolic, and functional aspects 
of soft and calcified tissues as they are also important components in the 
mineralization process of dentin and bone (29). 
The collagen fibrils are approximately 50-100 nm in diameter; they are 
randomly angled in a plane perpendicular to the direction of dentin formation 
(30). The mineral is found in two areas of this collagen scaffold: Intra-fibrillar 
(inside the periodically spaced gap zones in the collagen fibril) and extra-
fibrillar (in the interstices between the fibrils). The segregation between these 
two sites is unclear, although it is believed that between 70 and 75% of the 
mineral may be extrafibrillar (31, 32). 
 
Figure 1- Scanning electron microscopy image showing demineralised dentin 
with open dentinal tubules. 
(Adapted from: Morphological effect of the type, concentration and etching time of 
acid solutions on enamel and dentin surfaces, 1998) 
 
The microstructure of dentin is distinguished throughout by the presence of 
dentinal tubules (Fig.1) that merge from the dentino-enamel junction (DEJ) 
toward the predentin in the crown and from the cementum in the root (33). 
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They run a relatively straight course in root dentin but take up an S-shaped 
curvature in coronal dentin (34). The cuff of hyper-mineralised tissue around 
the dentinal tubules is referred to as peritubular dentin and the rest of the 
mineralised tissue is inter-tubular dentin. Peritubular dentin dissolves more 
easily in acid compared to inter-tubular dentin (35). 
At a higher level of organization, dentin can be manifested as a continuous 
fibre-reinforced composite, with the inter-tubular dentin forming the matrix 
and the tubule lumens surrounded by peritubular dentin forming the 
cylindrical fibre reinforcement .The dentinal tubules run continuously from the 
dentino-enamel junction (DEJ) to the pulp in coronal dentin, and from the 
cementum-dentin junction to the pulp canal in the root (36). This alignment of 
the tubules has led some to believe that they perform an important function in 
the orientation dependence of the mechanical properties of dentin (37). 
2.1.2 VARIANTS OF DENTIN 
a) PRIMARY DENTIN 
The first formed dentin is termed as mantle dentin and is located near the DEJ 
of the crown of the tooth. Collagen fibres found in mantle dentin are relatively 
large running perpendicular to the DEJ. The bulk of dentin below mantle 
dentin surrounding the pulp chamber is called circumpulpal dentin. Collagen 
fibres found in this layer are smaller and more randomly aligned compared to 
mantle dentin.(38)  
b) SECONDARY DENTIN 
The dentin developed after the completion of root formation is secondary 
dentin. The rate of dentin deposition by odontoblasts is slower in this dentin. 
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Secondary dentin has a tubular appearance that is mostly continuous with that 
of primary dentin (39). 
 
 
Figure 2- Forms of dentin; A-Primary dentin, B – Secondary dentin,  
                        C- Reactive dentin 
(Adapted from: https://www.studyblue.com/notes/note/n/dental/deck/4810699) 
 
c) TERTIARY DENTIN 
Tertiary dentin is produced in response to external stimuli like attrition, 
operative procedures or caries (40).The intensity and duration of the stimulus 
affects the quality and quantity of the tertiary dentin produced. The dentinal 
tubules may be continuous with those of secondary dentin or sparse in quantity 
or may not even be present in tertiary dentin. If tertiary dentin is deposited by 
pre-existing odontoblasts it is called reactionary dentin and if laid down by 
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newly-differentiated odontoblast like cells it is termed as reparative dentin. 
(39). 
d) SCLEROTIC DENTIN 
Sclerotic dentin is transparent glass-like dentin which is formed when dentinal 
tubules are occluded by the deposition of peritubular dentin and mineral 
crystals and the refractive index of the tubules matches that of the intertubular 
dentin. The permeability of sclerotic dentin is distinctly reduced (41).This type 
of dentin formation is seen in teeth of elderly or even under slowly 
progressing caries (25).The tubules are obstructed to prevent the ingress of 










2.2: BONDING  
Dentistry has entered the era where aesthetics is of prime importance leading 
to considerable research and development in aesthetic and adhesive dentistry. 
True adhesion is the” holy grail” of dental restorative materials for several 
years. Repair of teeth is necessitated due to multiple causes like dental caries, 
injury, erosion, abrasion and many others. Adhesive restorative materials 
require less cavity preparation compared to amalgam thus helping in 
conserving healthy tooth structure (42). Composite restorative materials are 
generally applied to the tooth with a bonding system. Intensive research has 
been put into developing an ideal bonding system over the past few decades. 
2.2.1 CHRONOLOGICAL CLASSIFICATION OF DENTIN BONDING 
AGENTS  
The bonding systems have evolved over time and as a result several 
generations have developed as summarised below. 
a) First generation 
The first generation was developed in the late 1950s and early 1960s and 
constituted of cyanoacrylates, polyurethanes, glycerophosphoric acid 
dimethacrylate, and NPG-GMA (N-phenyl glycine and glycidalmethacrylate). 
All these materials were ineffective clinically (43) with the bond strengths of 
these early systems being only 1 to 3 megapascals (44).The bond was 
accomplished through chelation of the bonding agent to the calcium element 
of  dentin (45). 
b) Second generation 
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The late 1970’s saw the emergence of the second generation of bonding 
systems (43). Most of these systems utilised halophosphorous esters of 
unfilled resins such as bisphenol-A glycidyl methacrylate, or bis-GMA, or 
hydroxyethyl methacrylate, or HEMA. Dentin was not acid etched and the 
smear layer on dentin was aimed as the bonding substrate. These adhesives 
still lacked good bond strength and were susceptible to hydrolysis in the oral 
environment (44). 
c) Third generation 
The adhesive procedures of the third generation aimed to either modify or 
remove the smear layer present on dentin. The application procedure usually 
started with use of a dentin conditioner followed by a primer and then 
application of the adhesive. Conditioning agents included HEMA solution in 
maleic acid, 2% nitric acid. The adhesive typically was an unfilled resin (46). 
d) Fourth generation 
The fourth generation bonding agents in the early 1990s revolutionized 
dentistry. Total etching (both enamel and dentin) and moist dentin bonding, 
concepts established by Fusayama and Nakabayashi in Japan was the 
trademark of this generation. The formation of hybrid layer at the dentin-resin 
junction is observed with this generation (45). The understanding that 
phosphoric acid could be used to etch both enamel and dentin leads to a 
marked reduction in clinical complexity (46). 
e) Fifth generation 
Fifth-generation bonding agents are essentially a modification of the fourth 
generation system(43). The procedural steps are reduced by either combining 
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the conditioner and primer or the primer and adhesive. This simplification in 
the technique for bonding leads to less clinical errors and to the belief of a 
reduction in clinical time (46). 
f) Sixth generation 
Sixth-generation “self-etching” primers were introduced in the late 1990s.The 
acid etching step was eliminated by incorporating an acidic primer into the 
system. Some systems necessitate mixing the primer with an adhesive prior to 
placement; whereas others need a separate adhesive to be placed over 
previously applied primer (43). Whilst the bond to the dentin (17 to 22 MPa) 
remains strong, it’s the bond to un-etched enamel that is weak. Additionally, 
the multiple components & steps necessary for the sixth-generation agents can 
be complicating and could lead to clinical error (45). 
g) Seventh generation 
Seventh-generation or the “all-in-one” systems combine the etchant, primer, 
and bonding agent components into a single solution (43). The seventh-
generation adhesives are usually more acidic (1.0 pH lower) than their sixth-
generation counterparts and easier to use, show less technique sensitivity, and 
do not need a “moist” surface (45). 
2.2.2 BONDING SYSTEMS  
In the last few decades adhesive dentistry has made major advancements. 
Contemporary adhesive systems aspire to achieve both effective, stable 
bonding along with simplification of technique .Adhesive strategies can be 





Figure 3- Dental Adhesive classification 
(Adapted from: Looking for the ideal adhesive – A review Ana Sezinando) 
 
2.2.2.1 ETCH-AND- RINSE ADHESIVE SYSTEMS 
Etch- and- rinse bonding systems are distinguished by the presence of an 
initial separate etching step or so called “conditioning step” (47) .Various 
conditioning agents like maleic, nitric, citric and phosphoric acid at different 
concentrations have been utilised .A concentration of 30-37.5% phosphoric 
acid is generally selected because it produces a frosted appearance when 
enamel is effectively etched and a well-defined etching pattern for dentin 
(48).Originally the application procedure of the etch-and-rinse adhesives 
involved three steps of conditioning, priming and bonding. The demand for 
simplification of the technique lead to the development of the two-step etch-
and-rinse adhesives where the separate steps of priming and bonding are 
merged into one (47). Irrespective of the number of steps, the conditioning or 
etching causes the removal of the smear layer and exposes 3-5 micron of 
 13 
 
dentin leaving a collagen scaffold which is almost completely devoid of 
hydroxyapatite (49-52). 
The priming step is carried out to guarantee adequate wetting of the exposed 
collagen fibrils and to remove remaining water thus making dentin equipped 
for subsequent resin infiltration. The primer is composed of a mix of specific 
hydrophilic monomers dissolved in organic solvents like acetone, ethanol or 
water (53). HEMA is a commonly used monomer due to low molecular weight 
and hydrophilicity, promoting resin infiltration and opening up of the 
collapsed collagen network (54). After priming, a solvent free adhesive is 
applied which usually contains hydrophobic monomers. Ideally the resin 
should permeate to the inter-fibrillar spaces of the collagen network and into 
the dentinal tubules (54). Following polymerisation, the hybrid layer is formed 
which is an amalgamation of collagen fibrils of dentin, resin of the adhesive 
system, residual water and hydroxyapatite crystals (50, 55). 
The two-step etch-and-rinse adhesives have evolved from the traditional three-
step etch-and-rinse adhesives, and have their primer and bonding agent 
blended into one solution. Despite its simplified technique, their ability to 
penetrate and form a hybrid layer is not optimum (56). Two-step etch-and-
rinse adhesives being more hydrophilic are subject to more water sorption and 
consequently hydrolysis thereby having lower bond integrity than the 
traditional three- step etch-and-rinse adhesives. The solvent in these adhesives 
do not evaporate easily, often remaining enclosed within the adhesive layer 
post-polymerisation (12). Therefore, three-step etch-and-rinse adhesives are 
often considered as the `golden standard' among adhesives (47). 
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The technique sensitivity in etch-and-rinse systems is usually associated with 
its initial phase of etching and rinsing of water. When dentin is etched the 
collagen scaffold is almost completely demineralised leaving a scaffold of 
collagen fibrils suspended in water (57). If dentin is over-dried it will lead to 
collapse of the collagen fibrils whereas excessive water will hamper bonding 
(58). Thus dentin needs an optimum level of moisture for ideal bonding. 
However enamel bonding needs a relatively dry substrate for a favourable 
bond to be achieved. Two approaches have been generally followed (based on 
the primer of the system) to overcome this issue (59, 60)-dry bonding and wet 
bonding. 
The first approach is ‘dry bonding’ where the dental substrate is air-dried after 
the etch step. A frosted or chalky appearance of enamel gives clinicians the 
cue that proper enamel etching is achieved. This drying however causes the 
acid etched dentin to collapse which impedes proper infiltration of resin. The 
reported resin–enamel bond strengths with this technique were high (ca. 
20MPa) but resin–dentin bond strengths were very low (ca. 5MPa). The low 
bond strengths associated with dry bonding lead to dentin sensitivity, 
microleakage, secondary caries and ultimately loss of restorations (7). 
 Wet bonding was the brainchild of Kanca who discovered water was an 
exceptional rewetting agent (61). The ideal mount of wetness necessary for 
optimal resin-dentin bonding differs with each adhesive system and pivots on 
their solvents. The solvents typically used are acetone, ethanol and water. The 
requisite degree of surface wetness essential for wet bonding fluctuates among 
marketed total-etch adhesive systems (62). While water-based systems can 
handle a relatively dry dentin surface, the acetone-based systems need a wetter 
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dentin surface to achieve high bond strength (63). The regional differences 
among dentin surfaces in the same preparation cause non-homogenous resin 
bonding and can lead to over-wet and over-dry regions on the same dentin 
surface (64). Moisture is necessary for good bonding to dentin, but residual 
water can hinder complete monomer infiltration to the bottom of the 
demineralized zone, and can lead to phase separation in some adhesive 
systems that result in mediocre hybridisation (65-70). These factors could be 
liable for the degradation of resin–dentin interfaces over a short phase of time. 
2.2.2.2  SELF- ETCH ADHESIVE SYSTEMS 
This system differs from their etch-and-rinse counterparts by not requiring a 
separate acid etching step, instead they contain acidic monomers which can 
etch and prime the dental substrate simultaneously (71).No prior removal of 
smear layer and smear plugs is needed as it becomes part of the hybrid layer 
leading to less post-operative sensitivity (72). Less technique sensitivity is 
associated with this system since there is no rinsing procedure after their 
application (73). 
Self-etch adhesives can be categorised based on i) the number of application 
steps and ii) their acidity or etching aggressiveness. Like the etch-and-rinse 
counterparts, a two-step and a simplified one step variant of self-etch 
adhesives or the ‘all in one’ adhesives are marketed (74). Two-step self-etch 
adhesive systems involves the use of a hydrophilic etching primer, which 
combines acidic monomers that etch and prime the tooth substrate 
concurrently (75, 76), and following solvent evaporation, a layer of 
hydrophobic bonding agent is applied to seal dentin (77). The all in one 
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adhesive amalgamate all the steps of etching, priming and bonding into one 
solution which ultimately contains the acidic functional monomers, 
hydrophilic and hydrophobic monomers, water and organic solvents (78). 
 Based upon the acid dissociation constants (pKa values), demineralisation 
intensity of self-etch adhesive systems can also be subdivided into: “strong” 
(pH<1) “intermediately strong” (pH≈1.5), “mild” (pH≈2) and “ultra-mild” 
(pH≥2.5) (79). The more aggressive the acid, the deeper is the hybridization 
produced (80) and a greater amount of calcium phosphates gets embedded in 
the transition area (79). The less aggressive the acid , the smear layer plays a 
greater role in the bonding effectiveness (81, 82). When applied to enamel, 
“strong” self-etch adhesives show excellent bonding but “mild” self-etch 
systems have a weak bonding ability. “Intermediate strong” self-etching 
hybrid layer exhibits characteristics between those of “strong” and “mild” self- 
etching (83). “Mild” self-etching removes the smear layer partially ,leaving 
substantial amount of hydroxyapatite-crystals around collagen fibrils, which 
could aid in establishing a chemical bond with specific carboxylic or 
phosphate groups of the functional monomers (84). The ‘ultra-mild’ self-
etching is capable of exposing only superficial dentin collagen producing a 
nano-meter interaction zone (85). Typical resin tags are only seen with 
“strong” self-etch adhesives while it is scarcely formed with those of mild and 






2.2.2.3 UNIVERSAL ADHESIVES 
A new system of adhesives, universal or multi-mode adhesive has been 
recently launched into the world of dentistry. They can be operated in different 
modes- etch and rinse, self-etch and selective enamel etch, hence the name 
multi-mode is assigned to these novel adhesives (86).This versatile system 
gives the operator the option of using the systems as one step self –etch 
adhesives or two step etch-and-rinse adhesives. The universal adhesives (UA) 
commercially available are Scotchbond Universal (3M ESPE), G-Bond plus ( 
GC Tokyo, Japan) ,Futurabond U (Voco) ,All-Bond Universal ( Bisco) ,Prime 
& Bond Elect Universal dental adhesive ( Denstply). Scotchbond Universal 
Adhesive (SBU) by 3M ESPE was the first to be commercially marketed (87) 
and G-Bond Plus by GC is the only system in which dentin etching is not 
recommended (88). 
Studies on SBU have demonstrated that mean microtensile bond strength is 
not affected by the degree of dentin moisture or by the adhesion strategy 
employed (87).A one year in-vitro study on SBU revealed that SBU 
application in a self-etch mode has the least nanoleakage expression at 
baseline and even after 1 year storage (89). These results indicate that SBU is 
not sensitive to the variations in dentin moisture however residual 
hydroxyapatite is necessary to tailor optimal hybridization. The insensitivity to 
air dried dentin can be related to the water content of the adhesive (10-15 % 
by weight) that provides for the expansion of the collagen network. The 
requirement of hydroxyapatite can be explained by the 10-MDP 
(Methacryloyloxydecyl Dihydrogen Phosphate) and the polyalkenoic co-
polymer constituents of SBU, which are capable of forming ionic bonds with 
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calcium hydroxyapatite. This chemical interaction is an important aspect of 
UA (90). 
The bonding ability of SBU when applied in the etch-and- rinse and in self-
etch mode to various substrates like enamel, dentin , composite resin and 
porcelain was comparable to most contemporary bonding systems which were 
investigated in the study (91). A study  has shown that  applying phosphoric 
acid before adhesive application of UA enhances their dentin penetration but 
doesn’t affect the bond strength to dentin after 24h or even after thermocycling 
for 5000 cycles (92). 
UA are essentially simplified one step self-etch adhesives performing in a 
similar manner (93, 94). The in-vitro behaviour is material dependant due to 
their complex chemical composition (93, 95).UA’s have a promising potential 





2.3: DENTIN HYBRIDISATION 
 
2.3.1 FORMATION OF HYBRID LAYER 
To facilitate resin infiltration for adhesive retention, dental hard tissues are 
initially de-mineralized by acid or acidic monomers. The minerals removed by 
etching are then replaced by water provided by rinsing ( etch-and-rinse  
adhesives) or water in self-etch  primers-adhesives as a solvent (etch-and-rinse  
and self-etch adhesives).This replacement by water is essential to prevent 
collapse of the collagen fibrils. When adhesives are applied, it is expected that 
the liquid resin monomers would completely penetrate into the nano-porosities 
of demineralized dentin matrix and dentin tubules replacing the water and 
surrounding the collagen causing complete hybridization (18, 96). Thus hybrid 
layer is a concoction of collagen, hydroxyapatite crystallites, resin and residual 
water which forms the connecting link or bond between the dentin substrate 
and the resin restoration (50, 55). The formation of a homogenous and 
impermeable hybrid layer is currently accepted as the main bonding 
mechanisms of dentin adhesives (18).  
Hybrid layer formation depends upon certain factors like tooth, patient, 
material and microstructural features of dentin. The areas of dentin with empty 
tubules have wider hybrid layer than those where the tubules are obliterated 
and sclerotic (97). Sclerotic dentin’s tubules get occluded with mineral salts 
and additionally certain portions of sclerosed dentin have a hypermineralised 
surface which opposes the etching action of the acidic primers. Thus hybrid 
layers formed on sclerotic dentin have reduced thickness (64). Thickness of 
hybrid layer can vary depending upon the adhesive system applied. Etch-and-
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rinse adhesive systems produce thicker hybrid layers than self-etch systems. 
Despite self-etch systems producing a thinner hybrid layer, the immediate 
bond strength is high (98, 99). Thus provided a well-formed compact hybrid 
layer is created, there seems to be no correlation between the thickness of 
hybrid layer and the bond strength (80).  
 
Figure 4- Scanning electron micrograph of hybrid layer 
(Adapted from: 3M ESPE- http://solutions.3mae.ae/) 
 
2.3.2 DEGRADATION OF HYBRID LAYER 
The durability of hybrid layer clinically is seemingly influenced by physical 
and chemical factors. Occlusal masticatory forces, temperature changes which 
causes cyclic expansion and contraction stresses (100), acidic chemical agents 
present in saliva, food and dentinal fluids all play a role in challenging the 
stability of the resin-dentin interface(101).  
2.3.2.1  ROLE OF WATER 
A predominant cause for loss of long term bond strength is resin degradation 
within the hybrid layer caused by hydrolysis (77, 102) which is the chemical 
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process by which a compound is broken into two or more compounds by the 
addition of water molecule to it. Thus water can play a crucial role in 
degradation of resin-dentin interface. With the dawn of simplified adhesives in 
dentistry, the amount of hydrophilic monomers in theses adhesives have 
increased (77). Studies have revealed increased water sorption with 
hydrophilic acidic resin systems used for self-etch adhesives and lower water 
sorption with hydrophobic resins (8, 103). As simplified adhesives have more 
hydrophilic monomers incorporated they lack a hydrophobic resin covering, 
ultimately behaving like a semi-permeable membrane allowing water 
movement across the bonded interface even post-polymerisation of the 
adhesive (104, 105).  
Interconnecting water channels, the “water trees” are found at the surface of 
the hybrid layer extending into the adhesive layer due to the permeation of 
water (106).By using ammoniacal silver nitrate it is possible to detect the 
nanoleakage which is determined by the amount of silver uptake across the 
resin-dentin interface. This tracer compound stains voids, porosities (mainly 
for etch-and-rinse systems) and water-filled regions and/or hydrophilic 
polymer areas (especially for self-etch systems) within hybrid layers (72, 107-
109) . Studies revealed two different modes of silver tracer deposition patterns 
(72, 109) , i.e. a reticular mode and a spotted mode of nanoleakage expression. 
The reticular mode represents the morphological characterization of water-
treeing (72, 106, 110) ; the spotted mode, observed within the adhesive layers, 
is presumed to represent micro-domains in the resin matrices containing 
mostly hydrophilic and/or acidic functional groups compared with the 
adjoining, more hydrophobic, domains (72, 109, 111). Initial movements of 
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water are based on diffusion, later when larger established water channels are 
formed the water moves more swiftly through them(106, 108). In the adhesive 
layer osmotic pressure gradients can play a role causing water blister 
formation (112, 113). 
All adhesive systems exhibits certain degree of incomplete polymerisation 
(114), however simplified bonding systems (either two-step etch-and-rinse or 
one-step self-etch) exhibited a greater degree  probably due to the higher 
content of hydrophilic monomers. Two patterns in the degradation are noticed 
within the hybrid layer: loss of resin from inter-fibrillar space and the 
disruption of the collagen fibrils (115).  The type of bonding system used is an 
important criterion for determining the degree of encapsulation of collagen 
fibrils as discussed below. 
a)    Etch-and-Rinse Adhesives 
Post rinsing off the etchant, the resin monomers infiltrate the water- 
replenished collagen scaffold to form the hybrid layer between the restoration 
and the dental substrate (116). This collagen scaffold in dentin collapses if the 
etched dentin is excessively air dried causing dehydration which prevents the 
monomer infiltration. Rewetting this dentin can restore the collapsed collagen 
scaffold to a state similar to a moist condition and improves bond strength 
(117-119). Etch-and-rinse adhesives employ the moist or wet bonding 
technique which helps maintain the collagen network porous state, thereby 
increasing bond strength(120, 121). 
To facilitate the use of adhesive systems on moist etched dentin, hydrophilic 
monomers are dissolved in organic solvents like water, acetone or ethanol 
present in primer or adhesive solutions. These organic solvents are capable of 
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displacing water present on dentin surface and moist collagen network, 
enhancing the infiltration of monomer into the collagen scaffold. These 
monomers however cannot completely replace the residual rinsing water 
resulting in void formation within the hybrid layer (122, 123). Also depending 
upon the concentration of the organic solvent, a certain degree of shrinkage 
(23-28%) of the collagen network occurs (124). 
The presence of residual water in the inter-fibrillar gaps of the collagen 
network may initiate hydrolysis of resin by esterases and even hydrolysis of 
collagen by endo-and exogenous collagenolytic and gelatinolytic enzymes 
(17). This water could also lead to separation in the adhesive phase at the 
resin-dentin interface (69) thereby weakening the resin within the hybrid layer 
leaving it more susceptible to enzyme degradation (125). 
In case of total etch adhesives the extent of resin monomer diffusion follows a 
decreasing gradient from the surface to the bottom of the hybrid layer. Thus 
the bottom of the hybrid layer has a greater extent of exposed collagen fibrils 
in the demineralized portion of dentin. (115, 126-128). This is more prominent 
in caries affected dentin which is a more relevant clinical substrate than ideal 
unaffected dentin (129). The insolubility of BisGMA may be the reason for 
this disparity between the demineralised dentin and resin infiltration (130). 
 
b) Self-Etch Adhesives 
Self-etch adhesives are capable of simultaneously etching and penetrating the 
dentin substrate(131). However incomplete infiltration is observed especially 
in the case of some mild self-etch adhesives which have weaker acidic 
monomers that cannot penetrate completely to the bottom of the hybrid layer 
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(109, 132, 133). Self-etch adhesives are extremely hydrophilic and are more 
prone to degradation due to their increased water sorption (103, 134). Self-
etching primers usually have adequate amount of water incorporated, 
approximately 30-40%. This water helps these primers in their self-etching 
ability by ionizing the acidic monomers and forming hydronium ions (H3O+), 
by etching hydroxyapatite. Water also aids in solubilisation of the reaction 
products derived from the etching process (135) . 
Increasing the water concentration in the adhesive system results in dilution of 
the acidic monomer concentration and could hamper bonding efficacy. Even 
though water is necessary for ionization of acidic resin monomers, it could 
prevent the formation of a durable polymer within the hybrid layer. The 
presence of water affects the mechanical properties of one-step self-etch 
adhesives more negatively than two-step self-etch adhesives (136).  The 
hydrophobic resin layer of two-step self-etch adhesives makes them more 
resistant to water sorption  (137, 138) thereby improving their bond strength 
and durability compared to one-step self-etch adhesives (139). One step self-
etch adhesives behave like a semi-permeable membrane absorbing and 
holding water through hydrogen bonds when applied to moist dentin (105). 
Post-polymerisation these adhesives permit the movement of water and fluids 
from dentinal tubules and inter-tubular dentin (102). This water flow is 
responsible for the formation of water trees, which are water-filled channels 
within the adhesives layer. This kind of pattern of water trees is also observed 
with two-step etch-and-rinse adhesives (140). Water may also move towards 
the adhesive-composite interface resulting in development of water blisters, 
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which could lead to the separation of the adhesive-composite resin interface 
(105, 140).  
 
Furthermore the increased hydrophilic contents of the self-etch adhesives 
especially the one-step self-etch increase their susceptibility to water sorption. 
Subsequently, the swelling of the polymer causes the elution of low molecular 
weight oligomers from the hybrid layer, leaving collagen vulnerable to 
endogenous proteases. This degradation happens less frequently with mild 
self-etch adhesives  (141). 
 
2.3.2.2  INTRINSIC ENZYME ACTIVITY OF DENTIN 
Irrespective of the adhesive technique employed, incomplete hybridization 
does occur leaving the exposed collagen fibrils susceptible to hydrolytic 
degradation and other auxiliary degradation factors like residual solvent of the 
adhesive (142) or inadequately eliminated surface water. Studies have shown 
the role of host-acquired proteinases in the pathogenesis of dentin caries (143-
146) and periodontal disease (147), with the plausible and relevant 
ramifications in dentin bonding(148). Investigations carried out by Ferrari and 
Tay (149) revealed that nanoleakage could occur in vivo along the resin-dentin 
interface even in the absence of voids, suggesting that endogenous proteinases 
within the dentin matrix could cause the breakdown of insufficiently 
encapsulated areas even without the presence of bacterial enzymes (16, 150). 
Pashley et al (148) demonstrated the destruction of acid-etched dentin by 
dentin’s native proteolytic enzymes in the absence of bacteria. The pioneer 
study carried out by Pashley et al (148) demonstrated intrinsic collagenolytic 
activity in mineralized human dentin can be hindered by specific protease 
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inhibitors. This study helped in understanding the importance of host derived 
enzymes in the degradation of human dentin collagen over time. 
2.3.2.2.1 MATRIX METALLOPROTEINASES [MMPs] 
MMPs belong to the genre of zinc and calcium dependent endo-peptidases 
(151) that get interlaced amidst the mineralised dentin matrix during the 
period of odontogenesis (143, 146). They consist of more than 20 enzymes 
which have the ability to degrade extracellular matrix (ECM) proteins (152-
154) and are generally classified into six groups- collagenases, stromelysins, 
gelatinases, matrilysins, membrane-type MMPs (MT-MMPs), and other 
MMPs – based on substrate specificity and homology (155, 156). Additional 
to their role in ECM degradation, MMP’s have an important involvement in 
the process of converting non-collagenous matrix proteins into signalling 
molecules which influence cell survival, multiplication and differentiation 
(157).  
MMPs are released in the form of proenzymes and can be activated by 
proteinases, chemical agents (including reactive oxygen species), and low pH 
(16). The activity of MMP can be regulated at various stages and by specific 
as well as non-specific inhibitors (157).  At the tissue level, the specific 
inhibitors of MMPs are the tissue inhibitors of MMPs or TIMP aid in 
controlling the local functions of MMPs in tissues (158, 159). The balance 
between MMPs and TIMPs is significant for the ultimate ECM remodelling in 
the tissue. Majority of TIMPs inhibit active MMPs and some TIMPs can 
prevent pro-MMP activation. α-2-macroglobulin, a macroglobulin protein may 
be the main regulator of MMPs in the body fluids. The plasma proteins which 
may be involved in dentin MMP regulation are α-2-macroglobulin and fetuin-
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A (aka, α-2-Heremans Schmid-glycoprotein, α-2-HS-glycoprotein, AHSG). 
Synthetic MMP inhibitors act by either chelation or replacing the active site of 
Zn2+ or by coating the substrate. Any deregulation in the function of MMPs 
can lead to multiple diseases like nephritis, cardiac diseases, cancer, chronic 
ulcers, arthritis, and fibrosis (151, 160). 
MMPs are produced and usually secreted in the form of inactive proenzymes 
(zymogens) which contains a pro-domain that restricts the functional activity 
of the catalytic domain. In latent MMPs, the unpaired cysteine in the pro-
domain forms a link with the catalytic zinc (referred to as the “cysteine 
switch” mechanism (161), hindering enzymatic activity. This safeguarded 
cysteine behaves as a ligand for the catalytic zinc atom in the active site, 
keeping away water molecules and helping to retain the enzyme in its latent 
state. A myriad of factors like other MMPs, cysteine cathepsins or other 
proteinases, or chemically, e.g. by amino phenyl mercuric acid (APMA) can 
lead to this link being broken causing activation of MMPs (151, 157) . Apart 
from the pro- and catalytic domains, MMPs also have other domains 
responsible for different purposes like for substrate specificity, recognition, 
and interaction (162). Therefore, MMPs are frequently classified based on 
their molecular structures (157). 
Collagen molecules consists of a rigid helical centre with globular N- and C-
terminal ends termed telopeptides (163).Interstitial collagen has a triple helical 
structure formed by three α chains which are wound around each other in a 
right-handed twist with a length of 300nm and diameter of 1.5nm. This 
structure makes interstitial collagen fibrils invulnerable to majority of the 
proteolytic enzymes (162). Amongst the vertebrate MMP family collagenases 
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(MMP-1, -8, -13), MMP-2 (gelatinase A), and membrane-type 1-MMP (MT1-
MMP, MMP- 14) can dissever native triple-helical type I, II, and III collagens. 
All these enzymes are capable of separating collagen molecule at the Gly-
Leu/Isoleu peptide bond into- ¼ and ¾ - segments (163). The substrate-
binding site of collagenases is located in a deep cleft with the opening being 
only approximately 0.5 nm wide. This is insufficient space to harbour triple 
helical collagen with a diameter that is 3 times greater than the active site of 
the enzyme (162).  
Presently two mechanisms have been suggested for explaining the degradation 
of collagen fibrils by MMPs. MMP-1 has the ability to unwind collagen fibrils 
thereby allowing the enzyme’s active area to cleave individual chains in a 
series. This unwound collagen is can also be cleaved by MMP-3 and 
neutrophil elastase which in general circumstances do not degrade fibrillar 
collagen (162, 164). Similar behaviour of binding and unwinding has been 
suggested with MMP-8,-2 and -14 (165). Alternately the damage caused may 
lead to changes in the collagen fibril structure like breaking of the cross-links 
at the C-terminus. This damage could cause exposure of the first peptide chain 
leading to its breakdown by MMP and consequently leading to a greater 
degree of movement for other chains and their subsequent cleavage. 
Consequently the distal collagen molecules from the original cleavage site 
become more susceptible for MMP cleavage leading to supplementary 
deterioration (163).  This hypothesis has potential since the damages caused to 
dentin collagenous matrix by demineralization action of caries, phosphoric 
acid or acidic monomers of adhesive systems has been suggested to cause 
changes in the molecular arrangement of collagen (166). 
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Cysteine cathepsins could be involved alternately. MMPs can be activated by 
cysteine cathepsins (167) and this mechanism has been suggested to be 
associated with human dentinal carious lesions (168). Cysteine cathepsins can 
also cleave C-terminal telopeptide of type I collagen (169) conceivably 
causing exposure of the collagenase cleavage site post-activation by acids. 
Intermolecular cross-links are found along both the helical and telopeptide 
domains however they are more common in the telopeptide region. Studies 
have suggested that MMP-2 from dentin (170, 171) can function as a 
telopeptidase (172). If gelatinases MMP-2 and -9 can cause hydrolysis of the 
bulky telopeptides from the surface collagen fibrils, they may generate the 
required space for a collagenase to bind to the proper binding site to cause 
unwinding of the collagen molecule that ultimately could lead to collagen 
hydrolysis. It seems that MMPs may work in tandem. Gelatinases may 
hydrolyze gelatin on its formation, but may also aid in triggering collagenase 
activity by acting as a “telopeptidase”.  
Various MMPs have been recognised in mineralized dentin and in the dentin-
pulp complex. Mature human odontoblasts produce at least gelatinases MMP-
2 and -9, collagenases MMP-8 and -13, and enamelysin MMP-20 (144, 173-
176) play a role in tooth development (143), dentin caries process (143, 177), 
and degradation of the hybrid layer in dentin–resin interfaces(15, 148). MMPs 
also contribute to the organization and mineralization of the dentin matrix 
(177). Research has  established that  MMP-2 and MMP-9 play a part in bone 
resorption (169). Human dentin has shown the existence of gelatinases (MMP-
2 and -9) stromelysin (MMP-3) and collagenase (MMP-8) (145, 170, 171, 
178-182)  with MMP-2 being the most abundant in mineralised dentin (156) 
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and dentinal fluid has the presence of MMP-20 (144). Elevated levels of 
MMP-20 (144),-2 (183) and -9 (184) is detected in dentinal tubules of carious 
teeth. 
 
MMP’s are present in their passive state and get activated by the acidic agents 
which are applied during the bonding procedures. If the matrix bound MMP’s 
are not fully encapsulated by resin they could lead to the degradation of the 
collagen fibrils present at the resin-dentin interface (185). On exposure due to 
the acid employed by etch-and-rinse or self-etch adhesives (15, 16) ,dentin 
MMPs breakdown type I collagen (186). Intensive activity of MMP-2 and 
MMP-9 is observed at the bottom zone of the hybrid layer. Thus MMP’s can 
cause deterioration of the bond formed between dentin and resin if the hybrid 
layer is improperly infiltrated and thereby compromise the longevity of the 
dental restoration (141, 187).  
The release and activation of these enzymes during bonding procedures (16, 
148, 150) could account for the in vitro manifestation of the deterioration of 
collagen fibrils in the insufficiently infiltrated zones of the hybrid layer in 
aged, bonded dentin (188-191). In vivo studies (192, 193) have confirmed this 
collagen breakdown at the bottom of the hybrid layer. However a conclusive 
cause and effect relationship between the various procedures used in etch-and-








2.3.2.2.2 CYTSEINE CATHEPSINS 
Cathepsins belong to the superfamily CA of cysteine proteases and are 
members of the family of papain like enzymes which are the largest and well-
defined family of cysteine peptidases (194-196) and are extensively expressed 
both in plant and animal kingdom (197) . There are a total of 11 human 
cysteine cathepsins of which cathepsins B, H, L,C, X, F, O and V are 
universally expressed in human tissues, while the tissue specific ones are 
cathepsins K, W and S (198). They are characterized by their structure, 
catalytic mechanism and their target proteins. Cathepsins have a significant 
role to play in ECM turnover, antigen presentation, and processing events and 
their function is regulated by endogenous protein-based inhibitors (197). 
Generally all cathepsins are found in the lysosome and are activated by low 
pH, however cathepsin K functions in the extracellular region post-secretion 
during bone resorption by osteoclasts (197). They are synthesized in the rough 
endoplasmic reticulum as pre-proenzymes and passaged via the mannose-6-
phosphate receptor pathway to the endosomes (199). They can be activated 
either auto-catalytically or by some other proteases (200). Auto-catalytic 
activation occurs via endosomal acidification and this can be considerably 
hastened in the presence of anionic polysaccharides, like dextran sulphate and 
glycosaminoglycans (201, 202). Cysteine cathepsins are active and stable in a 
slightly acidic pH. At a neutral pH however they are mostly unstable and 
irreversibly inactivated (203). 
Cathepsin K is the only known mammalian collagenase which has the ability 
to nick the triple helix structure of collagen at various points and cause their 
hydrolysis into smaller peptides (204, 205). However multiple cathepsins can 
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cleave gelatin and cathepsins B and L can cleave collagen in the non-helical 
telopeptide domain of collagen (206, 207). Monomeric cathepsin K requires 
the presence of chondroitin sulphate for its collagenolytic function by forming 
a complex between them (208). Cathepsin K is expressed profoundly in 
osteoclasts (209) and odontoclasts (210) performing a specialised role in 
mineralized tissue resorption under physiological and pathological 
circumstances (211, 212). This specific protease portrays 98 % of the overall 
cysteine protease activity (209). The main target substrate for this protease is 
Type I collagen which is found in abundance in organic bone matrix (95%) 
and dentin matrix (90%) (213).  The functioning of osteoclasts to breakdown 
bone collagen is hindered in the absence of cathepsins K (214). The deficiency 
of it in the bone-sclerosing dysplasia, pycnodysostosis, in man (215) and an 
osteopetrotic phenotype (216) in mice helps to highlight the importance of this 
protease. 
Both normal (217) and carious dentin (168) has shown cysteine cathepsins 
activity and cathepsins B has even been localized in dentinal tubules. Post-
synthesis by odontoblasts and/or pulp tissue, secreted cathepsins can readily 
reach dentinal tubules and reach deep into dentin (217). A surge in cathepsin 
activity in carious dentin with advancing depth towards the pulp could 
implicate the importance of this enzyme in active carious lesions notably in 
younger patients (168). The investigations on the relationship between MMP’s 
and cysteine cathepsins have revealed that carious dentin have ten times more 
of their activity than normal intact dentin (168, 218). Thus inactivation of 
cysteine cathepsins may be a relevant mechanism to preserve the integrity of 
dentinal collagen fibers at the resin-dentin interface. 
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2.3.3 STRATEGIES TO PREVENT DEGRADATION OF HYBRID 
LAYER 
As discussed in the previous section, despite the progress made in adhesive 
dentistry the bond between dentin and resin is not permanent and perennial. 
Multiple factors cause the degradation at this interface and extensive research 
has been carried out to render more durability and longevity to this bond. A 
good quality hybrid layer is imperative for a successful restoration and the 
following are the various strategies employed and investigated to prevent the 
degradation of this layer. 
2.3.3.1 ENZYME INHIBITORS 
Pashley et al demonstrated that protease inhibitors can hinder dentin’s 
collagenolytic and proteolytic activity. Thus implementing a MMP inhibitor 
can be favourable for improving durability of the hybrid layer (148). 
Chlorhexidine has broad spectrum MMP inhibitory activities and can directly 
inhibit the activity of MMP-2,-8 and -9 with MMP-2 being more susceptible 
than MMP-8 and -9 (219). Chlorhexidine can also inhibit cysteine cathepsins 
which are present in dentin-pulp complex (217). Additionally chlorhexidine 
has features like broad spectrum antimicrobial activity (220) , outstanding 
substantivity to dentin substrate (221) and minor trans-dentinal cytotoxicity 
(222). Thus extensive research aimed at using the concept of enzyme 
inhibition to prevent premature degradation of resin-dentin bonds involves 
chlorhexidine. 
The ability of chlorhexidine to prevent deterioration of the structure of hybrid 
layer collagen matrix (185, 192, 223-229) and to decrease the long term 
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reduction in bond strength of dentin (185, 223, 226-235) has been 
demonstrated with numerous in vivo and in vitro studies. 
Despite’s chlorhexidine ability to bind to mineralized dentin is almost 80% 
lower than to demineralized dentin (236) even a concentration as low as 0.05-
0.2% of chlorhexidine is adequate for complete inhibition of collagenolytic 
activity of untreated dentin powder (148, 237). However even a greater 
concentration of 0.5-2.0% causes partial inhibition of the activity induced by 
an acidic self-etch primer (237). This dose-dependent action of chlorhexidine 
could be due to its mode of MMP-inhibition. Calcium places a significant role 
in maintaining the tertiary structure of MMPs (151) and calcium chloride 
reverses the MMP-inhibition caused by chlorhexidine (219). Chlorhexidine 
chelating property may have a role to play in its MMP-inhibitory activity. 
Calcium ions released by the action of the acidic primer used in the study by 
Zhou et al (237), may be liable for the reduced inhibition of MMP by 
chlorhexidine. Also recent reports suggest that collagen may compete with 
MMP for binding with chlorhexidine, thus necessitating relatively larger 
concentrations of chlorhexidine (221, 236). 
Galardin is a broad spectrum MMP inhibitor that is capable of binding and 
chelating the zinc atom of the catalytic domain of MMP (238, 239). It can 
suppress the activity of MMP-1, -2,-3,-8 and -9 (240, 241).This inhibitory 
activity against dentin MMP-2 and MMP-9 has been demonstrated and 
confirmed by zymographic analysis (187). 
Ethylene diamine tetraphosphonic acid (EDTA) is a known chelating agent 
(242) which can chelate calcium and zinc (243) and can inhibit human dentin 
MMP-2 and MMP-9 when applied for 1 to 5 minutes (244, 245). A 
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disadvantage with EDTA is it can be washed off from dentin when rinsed with 
water (244, 245) so future studies need to address this limitation of EDTA. 
Quaternary ammonium methacrylates are water soluble and have antibacterial 
properties (246-248). 12-methacryloyloxydodecylpyridinium bromide 
(MDPB) which can co-polymerise with adhesive monomers (249, 250) has 
been incorporated into commercial adhesives (Clearfil Protect Bond and 
Clearfil Protect SE) and has shown to slow down collagenolytic activity of the 
hybrid layer (251-255).   
Other synthetic MMP inhibitors which have been investigated in dentistry are 
tetracycline (256), green tea polyphenol epigallocatechin-3-gallate (EGCG) 
(257-259).Their role in improving resin–dentin bond needs further thorough 
investigations. 
2.3.3.2 ETHANOL WET BONDING 
The hydrophilic monomer content in contemporary adhesives has increased to 
ensure effective bonding to dentin substrate (260). The ester linkages in these 
polymers make them prone to water sorption (261) and consequently increase 
their vulnerability to hydrolytic degradation leading to loss of bond strength 
(260, 262, 263). The rationalism behind ethanol wet bonding (7, 130, 134) is 
that ethanol could chemically dehydrate the acid-etched dentin thereby 
decreasing the hydrophilicity of collagen and aiding in improved penetration 
of hydrophobic monomers into the collagen matrix (7, 264). This ideology has 
was demonstrated in the study by Sadek et al (265) in which a relatively thin 
hybrid layer created with ethanol wet bonding displayed negligent 
nanoleakage expression in addition to good bond strength. Further studies 





2.3.3.3  BIOMIMETIC REMINERALISATION 
Remineralisation of water-filled voids with nano-sized apatite crystallites is a 
newly postulated approach to aid in the improving resin-dentin bond post 
being created.  There are two ways of remineralisation- one where the residual 
mineral crystals itself act as a template for the regrowth of apatite crystallites 
(266) and the other where the residual crystals and necessary non-collagenous 
phosphoproteins for attracting calcium are missing. In such scenarios the 
apatite nucleation has to be induced by including agents which are capable of 
initiating remineralisation like poly-anions. Poly-anions like poly-acrylic acid 
or poly-aspartic acid have the ability to bind to collagen, act as templates for 
calcium thereby stimulating apatite nucleation. For biomimetic 
remineralisation, after polymerisation of the resin-dentin bond, a flowable 
“therapeutic “composite resin is applied to coat the bond which forms a 
reservoir of amorphous calcium phosphate (ACP).  The biomimetic 
polyanionic clones of non-collagenous phosphoproteins are incorporated so as 
to bind with collagen and act as templates to stimulate nucleation and growth 
of apatite in demineralized areas of collagen (267). The poly-anions are added 
to help limit the growth of the nano-precursors of ACP into crystals so that 
these crystals can fit into the gap zone of collagen. A vital factor for 
remineralisation of dentin is to make “fluidic” nano-precursors (268) that can 
glide through the polymerised adhesive resin. These fluidic nano-precursors 
permeate the pathways of water trees that extend from surface of the adhesive 
layer to the hybrid layer, thereby saturating them with nano-precursors and 
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ACP (269). Biomimetic approach has shown promising results when used 
with etch-and-rinse and self-etch adhesives. Apatite crystals have been 
identified in both extra-and intra-fibrillar compartments with etch-and-rinse 
adhesives (270, 271) and with self-etch adhesives the deposition has been 
mainly in the intra-fibrillar compartment (272). Biomimetic remineralisation 
approach has promising future to improve the strength of resin-dentin bonds. 
 
 2.3.3.4 COLLAGEN CROSS-LINKING 
Cross-linking of collagen fibrils is a promising approach to help impart 
stability and enhanced resistance to demineralised dentin matrix (273, 274). 
Additionally certain cross-linking agents have the ability to inhibit MMPs (17, 
275).Multiple natural and synthetic cross-linking agents have been investigate 
and though the results have been promising, some challenges needs to be 
addressed before clinical applications are available. 
Glutaraldehyde is an effective synthetic crosslinking agent however its high 
cytotoxicity is a matter of concern (276).Riboflavin is a potent photo-
sensitizer which can produce reactive oxygen species which are needed for the 
inducing cross-links between collagen molecules (277). Riboflavin when 
activated by ultraviolet A, is an established cross-linker of Type I collagen 
(278) and significantly improved biomechanical properties when used for 
corneal crosslinking (279). Recently Cova et al (23) has shown riboflavin to 
be an efficient crosslinking agent to improve the bond strength and durability, 
stabilize the adhesive interface and inhibit the dentin matrix metalloproteinase 
particularly MMP-9. Riboflavin shows promising potential in adhesive 
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dentistry due to its biocompatibility, simplicity of application and its capacity 
to be photo-activated in the UVA-blue light spectral range (280). 
Proanthocyanidins (PA) have excellent cross-linking capability in addition to 
their anti-bacterial, anti-oxidant, anti-inflammatory, vasodilatory properties 
(281-285). Recent studies have reported that PA can inhibit both dentin MMP 
and cysteine cathepsins (286). Transient pre-conditioning with a PA pre-
conditioner on etch-and-rinse adhesives improved the resin-dentin bonds 
without compromising the curing behaviours of the adhesives (287).  
EDC is a chemical collagen cross-linker capable of forming very stable cross-
links and is one of the least cytotoxic cross-linkers (288).Previous studies on 
EDC revealed its ability to effectively improve resin-dentin bond durability, 
however the application time of 1-4h made it clinically unacceptable 
(289).Recently, Mazzoni et al (19) evaluated the effect of 0.3 M EDC-
containing conditioner on the stability of the resin-dentin interface formed by 
etch and rinse adhesives with an application time of 1 minute and concluded 
that EDC has the ability to improve mechanical properties of collagen matrix 
and inactivating exposed MMPs. 
Inducing exogenous cross-links using collagen cross-linking agents show great 








2.4: CARBODIIMIDES (EDC) 
Carbodiimide (1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide 
Hydrochloride, or EDC), the most stable cyanamide isomer, is capable of 
forming peptides from amino acids (290).Displayed below is the structure of 
EDC in Figure 5. 
 
Figure 5- Structure of Cardodiimide 
(Adapted from: https://www.lifetechnologies.com) 
 
 Carbodiimides are zero-length class of cross-linkers as they do not form part 
of the chemical bond (291). They are more appealing than glutaraldehyde 
(GD) for cross-linking purposes in terms of biocompatibility, tissue response 
and healing reactions (292, 293). Water soluble carbodiimides have been 
utilised to modify gelatin protein, serum albumin, ribonuclease, chymotrypsin, 
and papain (290). EDC cross-linked collagen scaffolds have shown enhanced 
mechanical properties (294, 295) and have supported growth of cells like 
human keratinocytes (296), smooth muscle cells (297) and fibroblasts (298-
301). Past studies have researched EDC cross-linked collagen as scaffolds for 
dermal replacements (296, 301-303). Powell et al (291) have demonstrated 
that EDC cross-linked collagen scaffolds provide an environment for 
fibroblasts and keratinocytes to attach, proliferate and organize in a manner 
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conducive for dermal and epidermal regeneration. The gelatinolytic activity of 
MMP-2, MMP-9 can play a significant role in the deterioration of pericardium 
based biomaterials post-implantation. Calero et al.(304) demonstrated that 
treatment with EDC helped reduced the gelatinase activity and MMP-9/MM-2 
activity ratio of porcine pericardium. 
Two parallel reaction pathways have been observed for understanding the 
mechanism of action. In the first reaction pathway, when a nucleophile 
attacks, carbodiimide activates carboxylic acids as 0-acylisoureas towards it. 
The attacking nucleophile is generally an amine. The parallel reaction pathway 
typically involves internal rearrangement to a stable N-acylurea. Usually the 
first pathway overshadows the second reaction pathway. Carbodiimides shows 
an affinity for carboxyl groups but can also react with hydroxyl of tyrosine or 
the sulfhydryl of cysteine to form stable compounds (290).Thus they create 
amide bonds by activating the carboxylic acid groups of glutamic or aspartic 
acid residues to react with amine groups of another chain. Carbodiimides do 
not form part of the chemical bond and are cleared as a urea derivative thus 
leaving no chemical residue behind  (291). 
Bedran Russo et al investigated the long term effect of carbodiimide on dentin 
matrix and resin dentin bonds. They concluded that EDC/n-
hydroxysuccinimide (NHS) can be used to induce exogenous collagen cross-
links which improved the mechanical properties and stability of dentin matrix 
and resin-dentin interface. However the application time of 1 to 4 hours is 
clinically unacceptable (289). Further studies on EDC revealed that EDC 
application for 1 minute was effective in inactivating matrix bound 
endogenous protease activity of acid demineralised dentin without 
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significantly stiffening dentin collagen (275). Using zymography and in situ 
zymography techniques, it’s been shown that the use of a 0.3M EDC pre-
treatment before the bonding procedure produced almost complete inactivation 
of dentinal MMP activity within the hybrid layer formed by etch-and-rinse 
adhesives (288). 0.3 M EDC as a pre-conditioner improved the bond stability 
and preserved the bond strength of the resin-dentin interface created by etch 
and rinse adhesives although the results were adhesive dependant (19). 
Additionally zymography revealed that 0.3 M EDC completely inhibited 
dentinal gelatinases. Even the presence of HEMA does not affect the ability of 
EDC to inactivate the MMPs in dentin; HEMA forming an integral part of 





Flavonoids are a group of naturally occurring substances possessing different 
phenolic structures and be classified into multiple classes based on their 
molecular structure. Flavones, flavanones, catechins and anthocyanins form 
the principal groups of flavonoids (306). Displayed in Figure 6 is the structure 




Figure 6 - Proanthocyanidin: Grape seed extract structure 
(Adapted from: Protective role of grape seed proanthocyanidins against 
cadmium induced hepatic dysfunction in rats) 
 
Epasinghe et al (21) investigated the effects of three flavonoids- 
Proanthocyanidin (PA), naringin and quercitin on demineralised dentin and 
concluded that PA is more effective in improving the biomechanical properties 
of dentin compared to the other two flavonoids. PA exhibit anti-bacterial, anti-
inflammatory, anti-oxidant, vasodilatory, MMP inhibitory properties besides 
their exceptional cross-linking capability (307). The cross-linking property of 
PA is notably influenced by the source of PA. A myriad of sources like grape 
seed, cocoa, cranberry, acai berry barks of trees, leaves etc, can be used for 
obtaining PA. Investigations by Castellan et al (308) on the mechanical 
 43 
 
properties of dentin bio-modified with cross linkers from various PA sources  
revealed the potential long term effects of grape seed extract (GSE) and cocoa 
seed extract (COE) on demineralised dentin matrix. GSE and COE are 
optimum sources for PA. The concentration of PA also plays a significant 
aspect in the cross-linking effect. Lower content of PA could mean less 
interaction with the collagen of dentin (309).  
Glutaraldehyde (GD) has the ability to cross-link practically most proteins it 
contacts within a short time span (310) however its high cytotoxicity is a 
matter of concern (23). GSE is a natural collagen cross-linker and its ability to 
cross-link dentin is comparable with GD (311).There are four types of 
mechanism-covalent, ionic, hydrogen and hydrophobic bonding interaction by 
which PA reacts with pro-line rich proteins. GD acts by creating exogenous 
links by combining the amino groups of lysine and hydroxylysine residues of 
collagen polypeptides by monomeric or oligomeric cross links (312). A study 
carried out by Macedo et al (311) investigating the effects of GSE and 
glutaraldehyde (GD) on the bond strength of both sound and carious dentin 
concluded that both GSE and GD improve the bond strength of carious and 
sound dentin with a greater increase being observed with sound dentin. Dentin 
was treated with GSE and GD for an hour in this study. The collagenase 
susceptibility of dentin modified with GSE was less than that of dentin 
modified with GD revealing that GSE treated group displayed a greater 
resistance than the GD treated group. Thus GSE shows remarkable cross-
linking ability which is comparable to the standard GD, making it easier to 
gauge as to why most applications in dentistry use GSE as the source of PA. 
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PA-based-pre-conditioners have been prepared for studies using GSE with 
solvents routinely employed in contemporary adhesive systems like distilled 
water, ethanol and acetone. Study carried out by Liu et al (312) revealed that 
for the same concentration and duration of application time, the ethanol and 
acetone based PA pre-conditioners showed higher degree of cross-linking than 
the water based group. This result of Castellan et al (313) study however 
contraindicates this which states water is the best solvent. This discrepancy 
could be due to the different solvent utilised during the extraction process of 
PA. Fang et al (287) later studied the effect of transient pre-treatment by PA 
based pre-conditioners on the resin dentin bond strength of two commercially 
available etch and rinse adhesive systems. The results of the study reinstates 
that ethanol is a preferred solvent for PA pre-conditioners especially if the PA 
is extracted using ethanol (287).Thus factors like solvent and extraction 
process can play a significant role in influencing the cross-linking potential of 
PA as reflected by aforementioned studies. It is important to acknowledge and 
harmonize these aspects while assimilating PA for diversified applications in 
adhesive dentistry. 
Experiments investigating the effects of GSE incorporation in self-etch 
primers on dentin have been carried out. Islam et al (314) studied the effect of 
incorporating 0.5% GSE into a self-etch primer on the 24 hr resin-dentin bond 
strength. Results revealed decreased resin-dentin bond strengths possibly due 
to GSE affecting the polymerisation of the primer’s resin .This study, however 
did not account for the possible influencing role that the solvent and the 
extraction process of PA play on the cross-linking potential of GSE. 
Epasinghe et al (315) evaluated the effect of PA incorporated into 
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experimental etch and rinse dental adhesive on the resin-dentin bond strength 
.Incorporation of 2%  PA had the least nano-leakage without any adverse 
effect on the 24 hr bond strength. However 3% incorporation of PA negatively 
affected the bond strength which could be explained by the high density of PA 
affecting the polymerisation of the resin. While amalgamating PA into primers 
and adhesives, concentration of PA also play a crucial role. PA cross-linking 
ability has been shown to be time and concentration dependant. 
PA-rich GSE improves the biodegradation resistance of demineralized root 
dentin and also improves the bond strength and durability of resin- based 
sealer to root dentin (307). Irrespective of the PA concentration and treatment 
duration, PA is able to remarkably inhibit collagenolytic and gelatinolytic 
activity of demineralized dentin. Thus PA has potential to stabilise the resin-
dentin interface against enzymatic degradation (316). In-vitro study evaluating 
the effect of bio-modifying demineralized root dentin using GSE revealed its 
potential in reducing the rate of root dentin demineralization. Thus GSE can 
be used as an alternative for root caries prevention and aid in remineralisation 
(317). PA has even been combined with phosphoric acid etchant to study its 
effect on demineralised dentin. Addition of GSE did impart a collagen 
stabilising effect when the formulated phosphoric acid were applied to 
demineralised dentin, preferably keeping the concentration of phosphoric acid 
under 20% (318). 
Thus proanthocyanidin especially with GSE as a source of PA has tremendous 
potential in the medical and dental field. Its excellent cross-linking ability, 
lack of toxicity, anti-oxidant properties make them suitable candidates for a 
myriad of applications.  
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CHAPTER 3: AIMS, OBJECTIVES AND HYPOTHESES 
AIM 
The general aim was to investigate the effect of different collagen cross-
linking agents [synthetic – 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
(EDC) and natural- grape seed extract (GSE)] on the bond durability of the 
resin-dentin interface using an etch-and-rinse adhesive system and a newly 
introduced universal or multi-mode adhesive system. Accordingly this study 
was divided into two separate phases with specific aims, objectives and 
hypotheses. 
3.1 PHASE 1: BIOMODIFICATION OF DENTIN SUBSTRATE WITH 
CARBODIIMIDE (EDC) 
OBJECTIVES 
The specific aim of Phase 1 was to investigate the effect of EDC, a synthetic 
collagen cross-linking agent on the bond durability of the resin-dentin 
interface using a three-step etch-and-rinse adhesive system (Adper Scotchbond 
Multipurpose) and a newly introduced universal or multi-mode adhesive 
system (Single Bond Universal). Accordingly the following objectives were 
identified: 
i) To investigate the effect of modifying acid-etched dentin with EDC 
on the morphology of the  resin-dentin interface using scanning 
electron microscopy (SEM) after 24 hours and 1 year of storage in 
distilled water at 37°C. 
ii) To investigate the effect of modifying acid-etched dentin  with 
EDC on the nanoleakage expression of the resin-dentin interface 
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using ammoniacal silver nitrate solution after 24 hours and 1 year 
of storage in distilled water at 37°C. 
iii) To investigate the effect of modifying acid-etched dentin with EDC 
on the bond strength and durability of the resin-dentin interface 
using micro-tensile bond strength testing after 24 hours and 1 year 
of storage in distilled water at 37°C.                     
 
HYPOTHESES 
The null hypotheses tested were that: 
i) Modifying acid-etched dentin with 0.3 M EDC-water solution for 
one minute as a pre-treatment before the application of the 
adhesive system does not affect the bond strength after 24 hours 
and 1 year of storage in distilled water at 37°C. 
ii) Modifying acid-etched dentin with 0.3 M EDC-water solution for 
one minute as a pre-treatment before the application of the 
adhesive system does not affect the interfacial nanoleakage 






3.2 PHASE 2: BIOMODIFICATION OF DENTIN SUBSTRATE WITH 
GRAPE SEED EXTRACT 
OBJECTIVES 
The specific aim of Phase 2 was to investigate the effect of grape seed extract 
(GSE), a natural collagen cross-linking agent on the bond durability of the 
resin-dentin interface using a two-step etch-and-rinse adhesive system (Adper 
Single Bond 2) and a newly introduced universal or multi-mode adhesive 
system (Single Bond Universal). Accordingly the following objectives were 
identified: 
i) To investigate the effect of modifying acid-etched dentin with GSE 
on the morphology of the  resin-dentin interface using scanning 
electron microscopy (SEM) after 24 hours and 1 year of storage in 
distilled water at 37°C. 
ii) To investigate the effect of modifying acid-etched dentin with GSE 
on the nanoleakage expression of the resin-dentin interface using 
ammoniacal silver nitrate solution after 24 hours and 1 year of 
storage in distilled water at 37°C. 
iii) To investigate the effect of modifying acid-etched dentin with GSE 
on the bond strength and durability of the resin-dentin interface 
using micro-tensile bond strength testing after 24 hours and 1 year 








The null hypotheses tested were that: 
i) Modifying acid-etched dentin with 6.5% w/v grape seed extract 
solution for one minute as a pre-treatment before the application of 
the adhesive system does not affect the bond strength after 24 
hours and 1 year of storage in distilled water at 37°C. 
ii) Modifying acid-etched dentin with 6.5% w/v grape seed extract 
solution for one minute as a pre-treatment before the application of 
the adhesive system does not affect the interfacial nanoleakage 






CHAPTER 4: MATERIAL AND METHODS 
 
4.1  PHASE 1: BIOMODIFICATION OF DENTIN SUBSTRATE WITH 
CARBODIIMDE (EDC) 
In this study, the  effect of EDC on the morphology, nanoleakage expression 
and bond strength of the resin-dentin interface created by the three-step etch-
and-rinse (E&R) system (Adper Scotchbond Multipurpose) and an universal 
adhesive system (Single Bond Universal)  was evaluated by SEM evaluation, 
interfacial nanoleakage expression and micro-tensile bond strength testing 
respectively. Seventy-eight non-carious and non-restored human molars were 
selected for this study, which had been extracted for clinical reasons. The 
collected teeth were approved by the Institutional Review Board of the 
National University of Singapore. Teeth were stored in 0.5% chloramine-T 
solution for 2 weeks, then in distilled water at 4°C and were used within 3 
months following extraction (319). The adhesives with their composition and 
application technique used in this phase are listed in Table 1. A previous study 
using 0.3 M EDC conditioner has been carried out by Mazzoni et al to 
evaluate the effects of EDC on the bond stability of E&R adhesive systems 
(19).This study the application time of 1 minute was used and the EDC 
preconditioning helped preserve the bond strength after a year of storage . The 
EDC pre-conditioner used in the present study is a 0.3 M EDC water- solution 
which is applied on the dentin substrate for a clinically relevant time of 1 
minute. Chemicals used in this study were purchased from Sigma-Aldrich (St. 
Louis, MO, USA) unless otherwise stated. 
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Table 1- Composition and application procedure of the tested adhesives in    
Phase 1 (information supplied by the manufacturer) 
 Adhesive Composition Application procedure 




1) Scotchbond Multi-Purpose 
primer: HEMA, polyalkenoic 
acid polymer, water 
2)  
3) Scotchbond Multi-Purpose 
adhesive: Bis-GMA, HEMA, 
tertiary amines (both for light-
cure and self-cure 
initiators),photo-initiator 
 
Etching: Apply etchant to 
dentin for 15s. Rinse for 
15s.Dry for 5s. 
  
Priming: Apply primer to 




Apply adhesive to the 
primed dentin.  
 
Adhesive curing: Light 
cure for 10s. 
 




MDP Phosphate Monomer, 
Dimethacrylate resins, HEMA , 
Vitrebond™ Copolymer, Filler, 
Ethanol, Water ,Initiators 
,Silane 
Etching: Apply etchant to 
dentin and leave for 15s. 
Rinse with water. Dry 




Apply the adhesive to 
dentin and rub it in for 
20s. Direct a gentle 
stream of air over the 
liquid for about 5s until it 
no longer moves and the 
solvent has evaporated 
completely. 
 
Adhesive curing: Light 
cure for 10s. 
 
Abbreviations: Bis-GMA , bisphenol A diglycidyl methacrylate; HEMA, 2-




4.1.1 Specimen preparation and bonding procedure 
The occlusal enamel 1 mm below the DEJ of the molars was removed using a 
low-speed diamond saw under water-cooling and grinded with 600 grit-size 
silicon-carbide papers (Carbimet; Buehler, Lake Bluff, IL, USA)  for 15s to 
create a standardized smear layer using a micro-grinder/polisher machine 
(Phoenix Beta Polisher/Grinder). Dentin surfaces were etched with 35% 
phosphoric acid gel (3M ESPE) for 10 s and rinsed thoroughly with distilled 
water. After acid etching, dentin specimens were randomly divided (n=13 per 
group) into their groups and were cross-linked and bonded as shown in Table 
2. The techniques followed for each group for the adhesive application is 
listed in Table 1. After dentin bonding, a crown of 4 mm height was built up 
for each tooth by equal increments, cured with a light emitting diode (LED) 
curing light (COXO) for 20 s using a resin-based restorative composite (Filtek 
Z350 XT A3.5; 3M ESPE). The restored teeth were then placed in distilled 






Table 2-  Treatment groups and cross-linking procedure of dentin   
specimens in Phase 1 
 
Group Wet or Dry 
Bonding  
 
Treatment Procedure  
Group 1 
SMP-Control 
Dry Acid-etched dentin was dried using a 





with EDC  
Dry Acid-etched dentin was pre-treated 
with 0.3M EDC-water solution for 1 
min, excess solution was absorbed 
using a cotton pellet, primed and 




Dry Acid-etched dentin solution was 
absorbed using a cotton pellet, and 






Dry Acid-etched dentin was pre-treated 
with 0.3M EDC-water solution for 1 
min, excess solution was absorbed 





Wet Acid-etched dentin was wiped using a 







Wet Acid-etched dentin was pre-treated 
with 0.3M EDC-water solution for 1 
min, excess solution was absorbed 
using a wet cotton pellet, and bonded 
with SU adhesive. 
 
 
Abbreviations SMP, Scotchbond Multipurpose ; SU, Single Bond Universal 





4.1.2 SEM Evaluation 
The procedure followed for SEM evaluation is based on established protocols 
carried out in previous studi 
es (280) .The restored teeth (n=4 /group) were sectioned perpendicularly to the 
resin-dentin interface to obtain 1 mm thick resin-dentin slabs (n=12/group) 
were prepared for SEM examination of the resin-dentin interface morphology. 
The slabs were randomly and equally divided to be stored in distilled water for 
24 h or 1 year at 37 ◦C. The distilled water was changed weekly for 1 year. 
After storage, the slabs were polished with 600, 800 and 1000 grit-size silicon-
carbide papers (Carbimet; Buehler, Lake Bluff, IL, USA) discs to produce 
smooth polished surfaces .The slabs were etched with 35% phosphoric acid 
gel for 15 s, rinsed for 15 s and dried with compressed oil-free air. The slabs 
were immersed in 5.25% sodium hypochlorite solution for 20 min and washed 
thoroughly under running water for 5 min. Then, slabs were post fixed in 
osmium tetroxide solution, washed twice with PBS solution for 10 minutes 
followed by deionized water for 1 minute. Then, they were dehydrated in 
ascending concentrations of ethanol, starting with 25, 50, 75 % for 10 minutes 
each, followed by 95, 100, 100 and 100% ethanol for 10 minutes each. After 
the final 100% ethanol treatment, the specimens were dried in a critical point 
dryer (CPD30 from Leica).The slabs were then mounted to aluminium stubs 
with conductive tape (double-sided carbon tape) and sputter coated with gold–
palladium alloy for 120 s while placed in a vacuum evaporator. Specimens 
were examined using scanning electron microscope [QUANTA FEG 650 
(FEI)], operated at an accelerating voltage of 5 kV, and images of selected 
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representative areas of the resin-dentin interface were captured at different 
magnifications. 
4.1.3 Nanoleakage evaluation 
Four bonded teeth per group were used for nanoleakage analysis. The bonded 
teeth were sectioned occluso-gingivally into 1 mm slabs (n=12/group) as 
mentioned in SEM evaluation previously and randomly divided for 24h and 1 
year storage in distilled water at 37°C. The distilled water was changed 
weekly for 1 year. Each slab was blot-dried and was coated with two layers of 
nail varnish applied up to within 1 mm from the bonded interfaces. After 
rehydration in distilled water for 10 minutes, the varnish-coated tooth slabs 
were immersed in 50 weight% ammoniacal silver nitrate (AgNO3) solution in 
the dark for 24 h, followed by placing the slabs in a photo-developing solution 
under a fluorescent light for 8 h to facilitate the reduction of silver nitrate ions 
into metallic silver grains (72). The silver-stained bonded specimens were 
polished with increasingly fine diamond pastes (2 µm and 1 µm). Then, the 
specimens were cleaned ultrasonically, air dried, mounted on aluminium stubs, 
placed in a desiccator for 24 h and then coated with carbon. The interfacial 
nanoleakage of the bonded resin-dentin slabs were examined with field-
emission scanning electron micro-scope [JSM-6701F (JEOL)] using the 
backscattered electron mode at a voltage of 20 kV. At each time period of 
testing, multiple (n=60) images of the bonded interfaces, at the same 
magnification (1000X), were obtained per group. The degree of interfacial 
nanoleakage was assessed based on the silver deposition along the bonded 
interface, which was independently scored by two examiners based on the 
classification of Saboia et at(320). The percentage of the bonded interface 
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showing silver deposition was used to score the interfacial nanoleakage: 0, no 
nanoleakage; 1, <25% nanoleakage; 2, 25 to ≤ 50% nanoleakage; 3, 50 to ≤ 
75%  nanoleakage; 4, > 75% nanoleakage. 
 
4.1.4 Micro-tensile bond strength (µ-TBS) testing 
The procedure followed for SEM evaluation is based on established protocols 
carried out in previous studies (280).The remaining restored teeth (n=5/group) 
were sectioned serially in both x- and y-directions across the adhesive 
interface to obtain resin-dentin beams of approximately 1 mm×1 mm. The 
prepared beams were then divided to be stored either for 24 h or 1 year in 
distilled water at 37 ◦C.  Twenty beams for each group at each storage time 
were tested. The distilled water was changed weekly for 1 year. After the 
storage period, beams were fixed to custom-made metallic-jig with 
cyanoacrylate adhesive mounted to the universal testing machine and stressed 
to failure using 50 N load cell at cross-head speed of 1 mm/min. The µ-TBS 
was calculated by dividing the maximum load to the respective surface area 
which was reconfirmed by digital calibre.  
 
4.1.5. Statistical Analysis 
All data of µ-TBS tests were expressed as means and standard deviations. 
Statistical analysis was carried out using SPSS program (Release 15, 2006). 
Two-way ANOVA was used to test the results of µ-TBS. Tukey–Kramer 
multiple comparison post hoc test was used to compare between the tested 
groups in terms of µ-TBS for repeated pair-wise comparison. Statistical 
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differences among nanoleakage group scores were analysed with the Kruskal–
Wallis Analysis of Variance. Pair-wise differences between group means were 
analysed using the Mann–Whitney U-test (level of significance, p < 0.05). The 
level of significance was adjusted according to the Bonferroni’s correction. 
Inter-observer agreement was measured using Cohen’s kappa test p-Values 





4.2  PHASE 2: BIOMODIFICATION OF DENTIN SUBSTRATE WITH 
GRAPE SEED EXTRACT 
In this study, the effect of GSE on the morphology, nanoleakage expression 
and bond strength of the resin-dentin interface created by the two-step etch-
and-rinse system (Adper Single Bond 2) and an universal adhesive system 
(Single Bond Universal) was evaluated by SEM evaluation, interfacial 
nanoleakage expression and micro-tensile bond strength testing respectively. 
Seventy-eight non-carious and non-restored human molars were selected for 
this study, which had been extracted for clinical reasons. The collected teeth 
were approved by the Institutional Review Board of the National University of 
Singapore. Teeth were stored in 0.5% chloramine-T solution for 2 weeks, then 
in distilled water at 4°C and were used within 3 months following extraction 
(319).  Summarised in Table 3 are the adhesives with their composition and 
application technique used in this phase.  6.5% w/v grape seed extract solution 
was prepared by adding PAs-rich grape seed extract (Nature’s plus grape seed 
supplement with 95%, Santa Cruz, CA, USA) to distilled water adjusted to pH 
of 7.4 (313). Chemicals used in this study were purchased from Sigma-Aldrich 




Table 3- Composition and application procedure of the tested adhesives in   
                 Phase 2 (information supplied by the manufacturer) 
 Adhesive Composition Application procedure 




BisGMA, HEMA,  
dimethacrylates,  
ethanol, water,  a novel 
photoinitiator system and 
 a methacrylate functional 
copolymer of polyacrylic 
and polyitaconic acids 
 
Etching: Apply etchant for 15 s. 
Rinse for 10 s. Blot excess water 
using a cotton pellet. Do not air 
dry. The surface should appear 
glistening without pooling of 
water. 
 
Adhesive application: Apply 2-3 
consecutive coats of adhesive for 
15 s with gentle agitation. Gently 
air thin for 5 s to evaporate 
solvent. 
 






MDP Phosphate  Monomer,  
Dimethacrylate resins,  
HEMA ,  
Vitrebond™ Copolymer, 
Filler, 
Ethanol, Water , Initiators , 
Silane 
Etching: Apply etchant, to dentin 
and leave for 15 s. Rinse 
thoroughly with water and dry 
with cotton pellets; do not over-
dry. 
 
Adhesive application: Apply the 
adhesive to the entire tooth 
structure and rub it in for 20 s. 
Direct a gentle stream of air over 
the liquid for about 5 s until it no 
longer moves and the solvent has 
evaporated completely. 
 
Curing: Light cure for 10 s. 
 
Abbreviations: Bis-GMA , bisphenol A diglycidyl methacrylate; HEMA, 2-






4.2.1 Specimen preparation and bonding procedure  
The occlusal enamel 1 mm below the DEJ of the molars was removed using a 
low-speed diamond saw under water-cooling and grinded with 600 grit-size 
silicon-carbide papers (Carbimet; Buehler, Lake Bluff, IL, USA)  for 15s to 
create a standardized smear layer using a micro-grinder/polisher machine 
(Phoenix Beta Polisher/Grinder). Dentin surfaces were etched with 35% 
phosphoric acid gel (3M ESPE) for 10 s and rinsed thoroughly with distilled 
water. After acid etching, dentin specimens were randomly divided (n=13 per 
group) into their groups and were cross-linked and bonded as shown in Table 
4. The techniques followed for each group for the adhesive application is 
explained in Table 3. After dentin bonding, a crown of 4 mm height was built 
up for each tooth by equal increments, cured with a light emitting diode (LED) 
curing light (COXO) for 20 s using a resin-based restorative composite (Filtek 
Z350 XT A3.5; 3M ESPE). The restored teeth were then placed in distilled 
water for 24 h at 37◦C to complete the polymerization reaction. After dentin 
bonding, a crown of 4 mm height was built up for each tooth by equal 
increments, cured with a LED light (COXO) for 20 s using a resin-based 
restorative composite (Filtek Z350 XT A3.5; 3M ESPE). The restored teeth 
were then placed in distilled water for 24 h at 37◦C to complete the 





Table 4- Treatment groups and cross-linking procedure of dentin 
specimens in Phase 2 
 
Group Wet or Dry 
Bonding  
 
Treatment Procedure  
Group 1 
SB-Control 
Wet Acid-etched dentin was dried using a 
cotton pellet, primed and bonded with 






Wet Acid-etched dentin was pre-treated 
with 6.5 % w/v GSE for 1 min, excess 
solution was absorbed using a cotton 
pellet, primed and bonded with SB 





Dry Acid-etched dentin solution was 
absorbed using a cotton pellet, and 







Dry Acid-etched dentin was pre-treated 
with 6.5 % w/v GSE for 1 min, excess 
solution was absorbed using a cotton 
pellet, and bonded with SU adhesive 




Wet Acid-etched dentin was wiped using a 
wet cotton pellet, and bonded with SU 







Wet Acid-etched dentin was pre-treated 
with 6.5 % w/v GSE for 1 min, excess 
solution was absorbed using a wet 
cotton pellet, and bonded with SU 




Abbreviations: SB, Adper Single Bond 2 ;  SU, Single Bond Universal and 






4.2.2 SEM Evaluation 
The procedure followed for SEM evaluation is based on established protocols 
carried out in previous studies (280) .The restored teeth (n=4 /group) were 
sectioned perpendicularly to the resin-dentin interface to obtain 1 mm thick 
resin-dentin slabs (n=12/group) were prepared for SEM examination of the 
resin-dentin interface morphology. The slabs were randomly and equally 
divided to be stored in distilled water for 24 h or 1 year at 37 ◦C. The distilled 
water was changed weekly for 1 year. After storage, the slabs were polished 
with 600, 800 and 1000 grit-size silicon-carbide papers (Carbimet; Buehler, 
Lake Bluff, IL, USA) discs to produce smooth polished surfaces .The slabs 
were etched with 35% phosphoric acid gel for 15 s, rinsed for 15 s and dried 
with compressed oil-free air. The slabs were immersed in 5.25% sodium 
hypochlorite solution for 20 min and washed thoroughly under running water 
for 5 min. Then, slabs were post fixed in osmium tetroxide solution, washed 
twice with PBS solution for 10 minutes followed by deionized water for 1 
minute. Then, they were dehydrated in ascending concentrations of ethanol, 
starting with 25, 50, 75 % for 10 minutes each, followed by 95, 100, 100 and 
100% ethanol for 10 minutes each. After the final 100% ethanol treatment, the 
specimens were dried in a critical point dryer (CPD30 from Leica).The slabs 
were then mounted to aluminium stubs with conductive tape (double-sided 
carbon tape) and sputter coated with gold–palladium alloy for 120 s while 
placed in a vacuum evaporator. Specimens were examined using scanning 
electron microscope [QUANTA FEG 650 (FEI)], operated at an accelerating 
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voltage of 5 kV, and images of selected representative areas of the resin-dentin 
interface were captured at different magnifications. 
4.2.3 Nanoleakage evaluation 
Four bonded teeth per group were used for nanoleakage analysis. The bonded 
teeth were sectioned occluso-gingivally into 1 mm slabs (n=12/group) as 
mentioned in SEM evaluation previously and randomly divided for 24h and 1 
year storage in distilled water at 37°C. The distilled water was changed 
weekly for 1 year. Each slab was blot-dried and was coated with two layers of 
nail varnish applied up to within 1 mm from the bonded interfaces. After 
rehydration in distilled water for 10 minutes, the varnish-coated tooth slabs 
were immersed in 50 weight% ammoniacal silver nitrate (AgNO3) solution in 
the dark for 24 h, followed by placing the slabs in a photo-developing solution 
under a fluorescent light for 8 h to facilitate the reduction of silver nitrate ions 
into metallic silver grains (72). The silver-stained bonded specimens were 
polished with increasingly fine diamond pastes (2 µm and 1 µm). Then, the 
specimens were cleaned ultrasonically, air dried, mounted on aluminium stubs, 
placed in a desiccator for 24 h and then coated with carbon. The interfacial 
nanoleakage of the bonded resin-dentin slabs were examined with field-
emission scanning electron micro-scope [JSM-6701F (JEOL)] using the 
backscattered electron mode at a voltage of 20 kV. At each time period of 
testing, multiple (n=60) images of the bonded interfaces, at the same 
magnification (1000X), were obtained per group. The degree of interfacial 
nanoleakage was assessed based on the silver deposition along the bonded 
interface, which was independently scored by two examiners based on the 
classification of Saboia et at(320). The percentage of the bonded interface 
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showing silver deposition was used to score the interfacial nanoleakage: 0, no 
nanoleakage; 1, <25% nanoleakage; 2, 25 to ≤ 50% nanoleakage; 3, 50 to ≤ 
75%  nanoleakage; 4, > 75% nanoleakage. 
 
4.2.4 Micro-tensile bond strength (µ-TBS) testing 
The procedure followed for SEM evaluation is based on established protocols 
carried out in previous studies (280).The remaining restored teeth (n=5/group) 
were sectioned serially in both x- and y-directions across the adhesive 
interface to obtain resin-dentin beams of approximately 1 mm×1 mm. The 
prepared beams were then divided to be stored either for 24 h or 1 year in 
distilled water at 37 ◦C.  Twenty beams for each group at each storage time 
were tested. The distilled water was changed weekly for 1 year. After the 
storage period, beams were fixed to custom-made metallic-jig with 
cyanoacrylate adhesive mounted to the universal testing machine and stressed 
to failure using 50 N load cell at cross-head speed of 1 mm/min. The µ-TBS 
was calculated by dividing the maximum load to the respective surface area 
which was reconfirmed by digital calibre.  
 
4.2.5. Statistical Analysis 
All data of µ-TBS tests were expressed as means and standard deviations. 
Statistical analysis was carried out using SPSS program (Release 15, 2006). 
Two-way ANOVA was used to test the results of µ-TBS. Tukey–Kramer 
multiple comparison post hoc test was used to compare between the tested 
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groups in terms of µ-TBS for repeated pair-wise comparison. Statistical 
differences among nanoleakage group scores were analysed with the Kruskal–
Wallis Analysis of Variance. Pair-wise differences between group means were 
analysed using the Mann–Whitney U-test (level of significance, p < 0.05). The 
level of significance was adjusted according to the Bonferroni’s correction. 
Inter-observer agreement was measured using Cohen’s kappa test p-Values 




CHAPTER 5: RESULTS 
5.1:  RESULTS OF PHASE 1 
 
5.1.1 SEM Investigation 
The SEM evaluation of the different groups after 24 h of storage is shown in 
Figure 7. All groups display a uniform intact hybrid layer formation with 
numerous well-formed resin tags at this time point. A continuous intact hybrid 
layer with long resin tags is observed in Group 1 (SMP-Control) (Fig.7A) and 
in Group 2 (SMP-pretreated with EDC), which also displays numerous lateral 
branching from the well-formed resin tags (Fig. 7B). A mix of short and long 
resin tags is seen in SU-dry-control (Fig.7C). Short tags are observed probably 
due to the sample preparation and sectioning. Defined resin tags with lateral 
branches are seen with specimens of group 4 (SU-dry- pretreated with EDC) 
(Fig.7D) and group 5 (SU-wet-control) (Fig.7E). The SU-wet- pretreated with 
EDC group shows thick, conical resin tags with fewer lateral branching 
(Fig.7F). 
The SEM evaluation of the different groups after 1 year of storage in distilled 
water at 37°C is shown in Figure 8. SMP-control shows relatively well 
maintained hybrid layer with long resin tags (Fig.8A). The SMP- pretreated 
with EDC (Fig. 8B) shows a thin continuous hybrid layer. A distinct 
continuous hybrid layer with lateral branching from resin tags is exhibited by 
the SU-dry bonding, EDC pretreated (Fig.8D) and non-treated groups 
(Fig.8C). The SU-wet-control shows a degraded hybrid layer (Fig.8E) and SU-






Figure 7- Selected SEM images of resin-dentin interface of Phase 1 groups after 24 h 
storage in distilled water. 
Groups: SMP-control (A), SMP- pretreated with EDC (B), SU-dry-control (C), SU-
dry- pretreated with EDC (D), SU-wet-control (E), SU-wet- pretreated with EDC (F). 
SMP, Scotchbond Multipurpose Adhesive ; SU, Single Bond Universal Adhesive ; 




















Figure 8- Selected SEM images of resin-dentin interface of Phase 1 groups after 1 year 
storage in distilled water. 
Groups: SMP-control (A), SMP- pretreated with EDC (B), SU-dry-control (C), SU-
dry- pretreated with EDC (D), SU-wet-control (E), SU-wet- pretreated with EDC (F). 
SMP, Scotchbond Multipurpose Adhesive ; SU, Single Bond Universal Adhesive ; 





















5.1.2 Nanoleakage evaluation 
The nanoleakage in the different groups after 24 h of bonding is shown in 
Figure 9. Very sparse silver deposits were found along the bonded interfaces 
formed by SMP- control  and  SU- wet-pretreated with EDC groups (Figs. 9A 
and F); while few silver deposits were observed in the upper layers of the 
adhesive in the group of SU-wet-control.(Fig. 9E). The remaining groups do 
not show any silver deposits at this period of 24h. 
The results for nanoleakage in the different groups after 1 year of ageing in 
distilled water are shown in Figure 10. All the groups show nanoleakage along 
the interface after the storage period of 1 year. Among the specimens tested 
dense deposits of silver are noticed in group 1 which is the SMP-control (Fig. 
10A) compared to SMP- pretreated with EDC (Fig.10B). Minor deposits are 
seen along the entire interface of SU-dry-control with some found in the 
deeper sections of the hybrid layer (Fig.10C). Specimens of the SU- EDC 
pretreated with a dry bonding technique display deposits that are located at the 
bottom of the adhesive layer, which do not extend along the entire length of 
the resin-dentin interface. Moderate dense deposits are seen along the entire 
resin-dentin interface of SU-wet-control (Fig.10E) and SU-wet-pretreated with 
EDC (Fig.10F) with some deposits even being located in the deeper parts of 
the hybrid layer. 
The inter-examiner reliability for scoring the nanoleakage as assessed by 
weighted Kappa test was over 0.80. Table 5 shows the percentage distribution 
of nanoleakage scores among the tested groups both after 24 h and 1 year of 







Figure 9- Selected backscattered SEM images of resin-dentin interface of Phase 1 groups 
displaying nanoleakage after 24h storage in distilled water. 
Groups: SMP-control (A), SMP- pretreated with EDC (B), SU-dry-control (C), SU-dry- 
pretreated with EDC (D), SU-wet-control (E), SU-wet- pretreated with EDC (F). 
SMP, Scotchbond Multipurpose Adhesive ; SU, Single Bond Universal Adhesive ; EDC, 


























Figure 10- Selected backscattered SEM images of resin-dentin interface of Phase 1 
groups displaying nanoleakage after 1 year storage in distilled water. 
Groups: SMP-control (A), SMP- pretreated with EDC (B), SU-dry-control (C), SU-dry- 
pretreated with EDC (D), SU-wet-control (E), SU-wet- pretreated with EDC (F). 
SMP, Scotchbond Multipurpose Adhesive ; SU, Single Bond Universal Adhesive ; EDC, 






















Table 5-  Distribution of nanoleakage within the different treatment groups of 
Phase 1. The number values indicate the percentage of specimens with the 
respective degree of nanoleakage (0% to >75% of the adhesive joint) observed at 
1000X magnification. The same letters indicate no significant difference (p > 0.05) 
 
 
SMP, Scotchbond Multipurpose Adhesive ; SU, Single Bond Universal Adhesive ; EDC, carbodiimide 
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5.1.3 Micro-tensile Bond Strength (µ-TBS) Testing 
 
The results of the µ-TBS is summarised in Table 6.After 24h storage period, 
group 1 (SMP-control) showed the highest µ-TBS value compared to all other 
groups. No statistical difference at 24h was observed between SMP and SU-
dry groups with or without EDC pre-conditioning treatment. At 24h time 
point, pre-treatment with EDC did not significantly increase or decrease the µ-
TBS of SMP group; SU-dry group and SU-wet group compared to their 
controls. However at 24 h, there is a significant difference in the µ-TBS 
between the SU-dry-control & SU-wet-control. Similarly SU-dry-pretreated 
with EDC and SU-wet- pretreated with EDC show statistical difference in 
their bond strength values at 24h. 
Table 6–Means ± standard deviations of Microtensile bond strength  (µTBS) in MPa of 
resin-dentin specimens of Phase 1 stored in distilled water for 24h and 1 year at 37°C. 
 GROUP 24 H  1 YEAR  BOND REDUCTION 
AFTER STORAGE 
1. SMP-Control 43.2 (± 8.1)
Aa
    22.3 (± 7.3)
 ACb
 -48.4 % 
2 SMP-pretreated 
with EDC  
40.7 (± 9.3)
 Aa
 30.8 (± 7.4)
 Bb
 -24.3% 
3 SU-dry-Control 38.4 (± 8.7)
 Aa





  36.7 (± 5.3)
 ABa
   26.7 (± 4.9)
 BCb
 -27.3% 
5 SU-wet-Control   33.6 (± 6.1)
 BCa







 11.2 (± 4.6)
 Db
 -63.8% 
Groups with different superscript upper and lower case letters are statistically significant 
(Tukey’s test; p<0.05) in each column and row, respectively. Means represented by dissimilar 
letters are significantly different from each other. 






At 1 year time point of µ-TBS testing, all groups show a decrease in µ-TBS 
values compared to their 24h time point, with the highest value observed in 
SMP-pretreated with EDC compared to all other groups. No significant 
difference is observed between the EDC pre-treated and non-treated groups of 
SU in a wet bonding technique. A significant difference is noticed between the 
SMP -control and SMP-pretreated with EDC groups. The SU-dry-pretreated 
with EDC group has a higher µ-TBS value than its control group. The dry and 
wet EDC pretreated and control groups show a significant difference between 





5.2: RESULTS OF PHASE 2 
 
5.2.1 SEM Evaluation 
The SEM evaluation of the different groups after 24 h of bonding is shown in 
Figure 11. Funnel shaped resin tags with well-formed distinct hybrid layer is 
observed in the SB-control group (Fig.11A).Long, well-formed resin tags seen 
penetrating deep into dentin is seen with SU-dry-control (Fig.11C) and in SU-
dry-pretreated with GSE group (Fig.11D). The remaining groups exhibited a 
thick continuous hybrid layer with a mix of short and long resin tags (Figs. 
11B, 11E, and 11F). 
The SEM evaluation of the different groups after 1 year of storage in distilled 
water is shown in Figure 12. A distinct, rough hybrid layer is observed in the 
SB-control group (Fig.12A). Conical resin tags are noticed in the SB–
pretreated with GSE group (Fig.12B). A relatively maintained hybrid layer 
with numerous resin tags is seen with SU-dry-control (Fig.12C) but a hybrid 
layer with varying thickness is exhibited by SU-dry-pretreated with GSE 
group (Fig.12D). A reduction in thickness with no distinguishable hybrid layer 
is noticed with SU-wet-control (Fig.12E) and SU-wet- pretreated with GSE 













Figure 11- Selected SEM images of resin-dentin interface of Phase 2 groups after 24 h 
storage in distilled water. 
Groups: SB-control (A), SB-pretreated with GSE (B), SU-dry-control (C), SU-dry-
pretreated with GSE (D), SU-wet-control (E), SU-wet- pretreated with GSE (F). 
SB, Adper Single Bond 2 ;  SU, Single Bond Universal ; GSE, Grape Seed Extract;  

























Figure 12- Selected SEM images of resin-dentin interface of Phase 2 groups after 1 year   
storage in distilled water. 
Groups: SB-control (A), SB-pretreated with GSE (B), SU-dry-control (C), SU-dry-
pretreated with GSE (D), SU-wet-control (E), SU-wet- pretreated with GSE (F). 
SB, Adper Single Bond 2 ;  SU, Single Bond Universal ; GSE, Grape Seed Extract; 

















5.2.2 Nanoleakage Evaluation 
The nanoleakage in the different groups after 24 h of bonding is shown in 
Figure 13.Very minor nanoleakage expression seen in the SB-control 
(Fig.13A), SB-pretreated with GSE groups (Fig.13B) and SU-dry-control (Fig 
13C) while few silver deposits were observed in the upper layers of the 
adhesive in the group of SU-wet-control (Fig.13E).Some blister-like formation 
seen in the adhesive layer of SU-wet-pretreated with GSE (Fig 13F).Very 
sparse deposits seen with SU-dry-pretreated with GSE group (Fig. 13D). 
The results for nanoleakage in the different groups after 1 year of ageing in 
distilled water are shown in Figure 14. Diffuse pattern of nanoleakage 
expression seen in tested specimens of SB- control and SB-pretreated with 
GSE (Fig 14A, 14B).Minor deposits are seen along the entire interface of SU-
dry-control with some found in the deeper sections of the hybrid layer (Fig  
14C).A thin intense layer of silver deposits seen in SU-dry-pretreated with 
GSE group (Fig 14D). 
Moderate deposits are seen along the entire resin-dentin interface of SU-wet-
control (Fig 14E). Diffuse, dense pattern of nanoleakage is seen throughout 
the hybrid layer in SU-wet-pretreated with GSE group (Fig 14F). 
The inter-examiner reliability for scoring the nanoleakage as assessed by 
weighted Kappa test was over 0.80. Table 7 shows the percentage distribution 
of nanoleakage scores among the tested groups both after 24 h and 1 year of 






Figure 13- Selected backscattered SEM images of resin-dentin interface of Phase 2 
groups displaying nanoleakage after 24h storage in distilled water. 
Groups: SB-control (A), SB-pretreated with GSE (B), SU-dry-control (C), SU-dry-
pretreated with GSE (D), SU-wet-control (E), SU-wet- pretreated with GSE (F). 
SB, Adper Single Bond 2 ;  SU, Single Bond Universal ; GSE, Grape Seed Extract;  


























   
Figure 14- Selected backscattered SEM images of resin-dentin interface of Phase 2 
groups displaying nanoleakage after 1 year storage in distilled water. 
Groups: SB-control (A), SB-pretreated with GSE (B), SU-dry-control (C), SU-dry-
pretreated with GSE (D), SU-wet-control (E), SU-wet- pretreated with GSE (F). 
SB, Adper Single Bond 2 ;  SU, Single Bond Universal ; GSE, Grape Seed Extract;  





















Table 7-  Distribution of nanoleakage within the different treatment groups of 
Phase 2. The number values indicate the percentage of specimens with the 
respective degree of nanoleakage (0% to >75% of the adhesive joint) observed at 
1000X magnification. The same letters indicate no significant difference (p > 0.05) 
 
 







5.2.3 Microtensile Bond Strength (µ-TBS) Testing 
The results of the µ-TBS is summarised in Table 8.After 24h storage period, 
group 3 (SU-dry-control) showed the highest µ-TBS value compared to all 
other groups. No statistical difference at 24h was observed between SB and 
SU-dry groups with or without GSE pre-conditioning treatment. At 24h time 
point, pre-treatment with GSE did not significantly increase or decrease the µ-
TBS of SB group; SU-dry group and SU-wet group compared to their 
controls. However at 24 h, there is a significant difference in the µ-TBS 
between the SU-dry-control & SU-wet-control. Similarly SU-dry-pretreated 
with GSE and SU-wet- pretreated with GSE show statistical difference in their 
µ-TBS values at 24h. 
Table 8–Means ± standard deviations of Microtensile bond strength (µTBS) in MPa of 
resin-dentin specimens of Phase 2 stored in distilled water for 24h and 1 year at 37°C. 
 GROUP 24 H 1 YEAR  BOND REDUCTION 
AFTER STORAGE 
1. SB- control     39.6 (± 9.2)
Aa
 20.9 (± 6.4)
 Ab
 -47.2% 




 22.5 (± 5.8)
 Ab
 -38.9% 
3 SU-dry-control 41.2 (± 10.6)
 Aa
 25.6 (± 8.3)
 Ab
 -37.9% 
4 SU-dry- pretreated 
with GSE  
    37.7 (± 7.3)
 Aa
 26.7 (± 9.2)
 Ab
 -29.2% 
5 SU-wet-control 32.8 (± 6.7)
 BCa
 11.8 (± 4.3)
 Bb
 -64% 
6 SU-wet- pretreated 
with GSE  
     30.7 (± 7.4)
 Ba
 14.7 (± 5.6)
 Bb
 -52.1% 
Groups with different superscript upper and lower case letters are statistically significant 
(Tukey’s test; p<0.05) in each column and row, respectively. Means represented by dissimilar 
letters are significantly different from each other. 






At 1 year time point of µ-TBS testing, all groups show a decrease in µ-TBS 
values compared to their 24h time point, with the highest µ-TBS value 
observed in SU-dry-pretreated with GSE compared to all other groups. No 
significant difference is observed between the GSE pretreated and control of 
SU-wet groups and SU-dry groups. The dry and wet GSE pretreated groups 





CHAPTER 6: DISCUSSION 
Bonding to enamel has proven to be reliable (321), however the durability of 
resin-dentin bonds have been relatively poor (322). The mechanism of 
bonding to dentin by prevailing adhesive systems is essentially 
micromechanical based on the formation of hybrid layer (323). A perfectly 
formed hybrid layer having all its collagen fibrils encapsulated with resin is 
vital for long-lasting resin-dentin bonds (187). All the exposed collagen fibrils 
which are not completely protected by resin are vulnerable to degradation 
(274).Various approaches to stabilise the resin-dentin interface which includes 
the use of collagen cross-linking agents hold great potential. Reinforcing 
collagen fibrils through formation of additional inter- and intra- cross-links 
induced by extrinsic agents can improve their biodegradation resistance. 
Previous studies on collagen cross-linking agents involve glutaraldehyde, 
riboflavin, proanthocyanidins, carbodiimides. However a diverse range of 
aspects like biocompatibility, ease of use, clinical feasibility, time of 
application need to be addressed (280). 
6.1 DISCUSSION OF PHASE 1 
EDC is a cross-linking agent with very low cytotoxicity and has shown to 
improve the mechanical properties of dentin matrix. They are a prototype of 
zero-length cross-linkers as they induce cross-links without forming part of the 
linkages (324). Carbodiimide stiffens collagen fibrils making it more tedious 
for them to unwind. The ability to improve the mechanical properties of dentin 
collagen by treating it with EDC between 10 min to 4h has been demonstrated 
by Bedran-Russo et al (289).In the current study a more clinically relevant and 
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feasible application time of 1 minute on acid-etched dentin has been 
employed. 
Phase 1 of the current study was undertaken to evaluate the effects of 0.3 M 
EDC-containing conditioner as a pre-treatment for 1 minute on acid-etched 
dentin prior to bonding with a three-step etch-and-rinse adhesive system ( 
Scotchbond Multipurpose Adhesive) and a universal adhesive ( Single Bond 
Universal).The changes in the morphology, nanoleakage expression and bond 
strength of the resin-dentin interfaces after 24 hours and 1 year of storage in 
distilled water at 37°C were analysed using scanning electron microscopy 
(SEM), ammoniacal silver nitrate solution and micro-tensile bond strength (µ-
TBS) testing respectively. 
After 24 h of storage, no significant difference in seen between the adhesives 
and the controls with or without EDC pre-treatment i.e. between group 1 
(SMP-control) and group 2 (SMP-pretreated with EDC); group 3 (SU-dry-
control) and group 4 (SU-dry-pretreated with EDC) ; group 5 (SU-wet-
control) and group 6 (SU-wet-pretreated with EDC) in both their nanoleakage 
expression and µ-TBS values (Tables 5 and 6). Thus within each adhesive 
group, irrespective of the bonding technique at 24h, pre-treatment with 0.3M 
EDC did not significantly affect the µ-TBS and nanoleakage expression. 
 However after 1 year of storage in distilled water, group 2 and group 4 have 
higher bond strength values than group 1 and group 3 respectively. The 
nanoleakage evaluation at 1 year revealed that group 2 has lesser degree of 
nanoleakage than group 1. When the bond strength values of the two time 
points of 24 h and 1 year of each group is compared, all groups show a 
significant decrease in their µ-TBS values. A similar comparison for 
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nanoleakage expression shows a statistical increase in the degree of 
nanoleakage for all groups. Accordingly these results support partial rejection 
of the first and second null hypotheses. 
At 24 h and 1 year there is a significant difference in the nanoleakage 
expression and µ-TBS values with or without 1 minute of 0.3 M EDC pre-
treatment between the dry bonding and wet bonding technique. The dry 
bonding technique has higher µ-TBS values than the wet bonding technique 
with or without EDC pre-treatment at any time point.  
The SEM images reveal a well-developed uniform hybrid layer in all groups 
with numerous, regular resin tags indicating appropriate and good resin 
infiltration after 24 h storage period (Figure 7). After 1 year (Figure 8), 
however degradation of the hybrid layer is observed in group 5 (SU-wet-
control) and group 6 (SU-wet-pretreated with EDC). The hybrid layer with 
long resin tags and lateral branching is still appreciated in group 4 (SU-dry-
pretreated with EDC). 
 Moisture is a requisite during bonding but residual moisture can compromise 
the infiltration of resin and subsequent resin polymerisation leading to 
instability of the resin-dentin interface (62). Additionally the pre-conditioner is 
water-based, so possibly the residual moisture and the water of the pre-
conditioner caused dilution of the cross-linking effect of the EDC and/or 
restricted polymerisation of resin thus presenting lower bond strength values 
and degraded hybrid layers in the wet bonding groups compared to the dry 
bonding groups. 
Scotchbond Multipurpose is water- based adhesive system compared to the 
water-ethanol based system of Single Bond Universal. This difference in the 
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adhesive composition could account for the higher µ-TBS seen with the three-
step-EDC-pretreated group than the SU-dry-EDC-pretreated group (Table 6). 
A previous study on evaluating the effect of 0.3M containing EDC on a three-
step etch-and-rinse adhesive system showed no significant difference between 
the µ-TBS values of 24 h and 1 year storage of samples in artificial saliva(19). 
This is in contrast with the results of the present study where a significant 
decrease in µ-TBS is recorded after 1 year compared to the 24 h values (Table 
6) of the three-step etch-and-rinse group pretreated with EDC. This difference 
could be due to the different solvents of the adhesive systems used in the 
studies. In the present study SBMP is applied which is a water-based etch-and-
rinse system whereas in the other study Optibond FL was used which is a 
water and ethanol based etch-and-rinse system.  
Previous studies on Single Bond Universal shown similar results for the µ- 
TBS at 24 h, where dry bonding has a higher value than wet bonding however 
the 1 year results show no statistical difference between dry and wet bonding. 
The 1 year result differs from our results where the wet bonding of SU group 
shows significantly lower values than the dry bonding technique. 
In-vitro models do not simulate clinical conditions since factors like bacteria, 
masticatory forces, bacterial plaques, acid from food etc of in-vivo 
environment are not taken into consideration (115). Sectioned specimens like 
beams are more prone to hydrolysis since lesser time is needed for water 
diffusion across a smaller cross-sectional area that is exposed to water during 
storage, thus hastening the degradation process (325). Apart from hydrolytic 
damage, resin-dentin interfaces are also subject to endogenous 
collagenolytic/gelatinolytic activity of dentin which can deteriorate collagen 
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and resin components of the hybrid layer (148). Resin itself can undergo 
chemical decomposition over long term, adding to further loss of bond 
durability (326-328).These factors might give plausible reason as to why all 
groups have decreased bond strength values and increased nanoleakage after a 
year of storage. 
The reinforcement of dentin collagen via EDC cross-linking through 
formation of inter- and intramolecular crosslinks could help the bond strength 
and durability of resin-dentin interface. EDC cross-links non-specifically 
reacting with the ionised carboxyl groups present in proteins, generating an O-
acylisourea intermediary that has the ability to react with ε-amino groups of 
lysine or hydroxylysine to form an amide cross-link between the two proteins 
(275). The by-product as a result is a water soluble urea derivative that has 
very low cytotoxicity (300). Several studies have demonstrated EDC to be an 
effective MMP inhibitor (19, 275, 288) . It has been speculated that EDC 
cross-links the peptide chains of MMPs and cysteine cathepsins of dentin, 
thereby reducing their molecular mobility, which is pivotal for their activity 
(275). Additionally EDC has the ability to cross-link the helical and 






6.2   DISCUSSION OF PHASE 2 
 
Phase 2 of the current study was performed to evaluate the effects of 6.5 w/v% 
grape seed extract-containing conditioner as a pre-treatment for 1 minute on 
acid-etched dentin prior to bonding with a two-step etch-and-rinse adhesive 
system ( Adper Single Bond 2) and a universal adhesive ( Single Bond 
Universal).The changes in the morphology, nanoleakage expression and bond 
strength of the resin-dentin interfaces after 24 hours and 1 year of storage in 
distilled water at 37°C were analysed using scanning electron microscopy 
(SEM), ammoniacal silver nitrate solution and micro-tensile bond strength (µ-
TBS ) testing respectively. 
Proanthocyanidins (PA) are naturally occurring polyphenolic structures 
comprising of flavan-3-ol subunits joined chiefly through C4– C8 (or –C6) 
bonds (329). PA has been used in dentistry for cross-linking of dentin 
collagen, inactivation of collagen endogenous proteases, enhancing of resin-
dentin bond strength and remineralisation of root caries (20, 273, 308, 330, 
331). An in-vitro study evaluating the effect of bio-modifying demineralized 
root dentin using 6.5 % GSE revealed its potential in reducing the rate of root 
dentin demineralization (317). A previous study using PA-rich 6.5 % GSE 
solution revealed that GSE improved the biodegradation resistance of 
demineralized root dentin and also improved the bond strength and durability 
of resin- based sealer to root dentin (307). Similarly in the current study a 6.5 
% w/v grape seed extract pre-conditioner has been utilised, a recognised, well-




After 24 h and even after 1 year of storage in distilled water, no significant 
difference in the µ-TBS values (Table 8) is appreciated between  the adhesives 
and their respective controls  i.e. group 1 (SB-control) and group 2 (SB-
pretreated with GSE); between group 3 (SU-dry-control) and group 4 (SU-dry-
pretreated with GSE); and between group 5 (SU-wet-control) and group 6 
(SU-wet-pretreated with GSE). Thus 6.5 %w/v GSE pre-treatment with any of 
the adhesive groups after 24 h and 1 year had no effect on their µ-TBS 
compared to their controls. When the bond strength values of the two time 
points of 24 h and 1 year of each group is compared, all groups show a 
significant decrease in their µ-TBS values.  Therefore, within the result of this 
study the first null hypothesis could be partially rejected. 
The SEM images of the resin-dentin interface can help support and interpret 
the results of µ-TBS testing. All the groups at 24h display well-defined, clear 
hybrid layers with numerous resin tags as depicted in Figure 11. This helps 
support the µ-TBS results where all groups have higher values at 24 h 
compared to the 1 year result. Post storage period of 1 year, all the groups 
show appreciable degradation of the hybrid layer especially in the wet bonding 
groups where the hybrid layer can scarcely be appreciated (Figure 12).  
Although long resin tags are still seen, it does not necessarily indicate 
improved bond strength (333, 334) . 
After 24 h  with regards to the nanoleakage expression ( Table 7) between the 
adhesives and their respective controls a statistical difference is observed 
between group 3 (SU-dry-control) and group 4 (SU-dry-pretreated with GSE). 
At the 1 year time   point, no significant difference is observed between any of 
the pretreated groups and their controls (Table 7). When the degree of 
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nanoleakage at the two time points of 24 h and 1 year of each group is 
compared, all groups show a significant increase in the degree of nanoleakage.   
Accordingly these results support partial rejection of the second null 
hypothesis. 
 At 24 h there is a statistical difference between the controls of SU in dry and 
wet condition of bonding for the nanoleakage expression, After 1 year, the 
results reveal a statistical difference between the controls and the GSE-
pretreated groups of dry and wet bonding of SU (Table 7).  The dry bonding 
technique has higher µ-TBS values than the wet bonding technique with or 
without GSE pre-treatment at any time point (Table 8). Thus dry bonding 
seems relatively more effective than wet bonding with the universal adhesive. 
Al-Ammar et al (335) investigated the effect of GSE on the µ-TBS of resin-
dentin bonds. The results of the study showed higher µ-TBS values than the 
present study. Probable explanation for this difference being the GSE 
treatment time of 1 h in the study compared to the 1 minute treatment time in 
the current study. Past investigations done to characterize the mechanical 
properties of dentin matrix treated with 6.5 % GSE- (proanthocyanidin rich) 
cross-linking agent revealed higher µ-TBS values at 24h than our current 
study (331). No long term study on the bond strength was investigated. The 
difference in the application time, where GSE pre-conditioner was applied for 
10 minutes as compared to 1 minute in our current study, could account for 
this contrast of results. 
The ineffectiveness of GSE- pre-treatment in this current study might be 
accounted for by the decreased application time. The rationale behind using 
this time of 1 minute was to make it more feasible and relevant clinically. 
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Clinicians desire shorter and more effective treatment time with simplified 
techniques for bonding. Application time of 10 minutes to 1 hour is not 
convenient for clinicians to incorporate in their practise. 
A previous study aimed to investigate whether transient pre-treatment by PA-
based preconditioner can improve the resin–dentin bonds of different etch-
and-rinse adhesives revealed that collagen cross-linking treatment by PA-
based preconditioners presented a concentration-and time-dependent increase 
in dentin bond strength even in reduced application time (287). This is not in 
agreement with the present study where the bond strength was not 
significantly improved. However a difference in PA concentration could be 
the possible explanation for this discrepancy .Our study used a 6.5 % 
concentration as opposed to the 10%, 15% used in the study for preparing the 
PA pre-conditioner. 
As previously discussed in Phase 1 discussion section, the in-vitro models  
cannot be compared with actual  clinical conditions since factors like bacteria, 
masticatory forces of in-vivo environment are not taken into consideration The 
esterases and matrix metalloproteinases present in saliva can cause the 
breakdown of resin and collagen constituent of hybrid layer (115). Storage in 
distilled water can hasten the deterioration of the resin-dentin interface 
especially in sectioned specimens like beams and slabs. The entire surface area 
of these specimens is exposed and vulnerable to hydrolysis thereby 
accelerating the ageing and degradation process (325). Apart from hydrolytic 
damage, resin-dentin interfaces are also subject to endogenous collagenolytic/ 
gelatinolytic activity of dentin which can disrupt the collagen  fibrils and resin 
components of the hybrid layer (148). Resin itself can undergo chemical 
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breakdown over long term, adding to further loss of bond strength and 
durability (326-328).These additional factors might give plausible explanation 
for the overall degradation observed in the groups after a year of storage in 
distilled water. 
The interaction of PA with proteins can be through four mechanisms- covalent 
interactions (336), ionic interactions (337), hydrogen bonding interactions or 
hydrophobic interactions (338).When PA interacts with collagen, it is capable 
of inducing inter- and intra-fibrillar, as well as inter-microfibrillar cross-links 
in the collagen matrix (312, 335, 339). Numerous free phenyl hydroxyl groups 
are present in PA (340) which can create bridge-type hydrogen bonds with the 
side chains of hydroxyl, carboxyl, amino or amide groups of the collagen 
molecules (341, 342). These hydrogen bonds impart stability to PA-collagen 
interactions (341). Additionally while forming the hydrogen bonds, PA 
molecules can substitute those of water bound to collagen in the extra-fibrillar 
compartment (339). By aligning itself between collagen molecules, PA forms 
ionic and covalent bonds with collagen fibrils (336, 337, 339). This covalent 
links helps make collagen fibrils more durable against endogenous proteases 
activity (313, 330). The predominant mechanism of most MMPs and cysteine 
cathepsins is through silencing of catalytic and allosteric sites (343-345). So 
PA being a powerful cross-linker could directly cross-link these catalytic and 
allosteric sites of these enzymes, thereby inhibiting their function (286). 
Overall in the current study even though degradation of the resin-dentin 
interface could not be completely prevented, the cross-linking agents can help 
in retarding the deterioration of it. All the cross-linked and pretreated 
specimens had bond strength and degree of nanoleakage comparable to the 
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controls if not enhanced results. In our study only non-carious, sound teeth 
have been used, however this is not the ideal substrate since clinically carious 
dentin is more frequently encountered. GSE stains dentin brown and this issue 
needs to be addressed for GSE to be used in clinical trials. Similarly EDC’s 
biocompatibility needs more detailed studies before it can be used in clinical 
studies. Future detailed in vitro and in vivo studies are needed to further assay 
the efficacy of EDC and GSE pre-treatment for implementing these cross-
linking agents in clinical practise. The scope of bio-modifying dentin collagen 
through cross-linking as a strategy for preserving the bond durability of the 




CHAPTER 7: CONCLUSION 
Within the limitations of this study, the following conclusions can be drawn 
1) Pre-treatment of acid-etched dentin with 0.3M EDC  for 1 minute, 
before the application of the adhesive enhanced the bond durability of 
the resin-dentin interface created by the three-step etch-and-rinse 
adhesive (Scotchbond Multipurpose) and universal adhesive (Single 
Bond Universal)  
2) Pre-treatment of acid-etched dentin with 6.5 % GSE  w/v  for 1 minute, 
before the application of the adhesive did not significantly improve the 
bond durability of the resin-dentin interface created by the two-step 
etch-and-rinse adhesive (Adper Single Bond2) and universal adhesive 
(Single Bond Universal)  
3) Application of Universal adhesive (Single Bond Universal) in a wet 





CHAPTER 8: FUTURE PROSPECTS 
Further research can be carried out to evaluate  
1) The cross-linking potential by incorporation of EDC or GSE in 
different concentrations within the adhesive system (primer of the 
bonding system since it contacts the substrate). This further reduces the 
procedural steps involved and hence lowers technique sensitivity.  
 
2) Different parameters like solvent of pre-conditioner, concentration of 
the cross-linking agent, time of application, to maximise the cross-
linking potential of the agent.  
 
3) The effectiveness of EDC and GSE when used in association with self-
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